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THERMAL-HYDRAULICS MODULE, TH-1

PRESSURIZED WATER REACTOR THERMAL~HYDRAULICS

1.0 Object of Module

The object of this module is to present the basic » [ - of
pressurized water reactor thermal-hydraulics. This ré ..
demonstration of:

e How the actual fuel geometry can be modeled for
simplified thermal-hydraulic analysis.

e What information is necessary to characterize the thermal-
hydraulic behavior of the reactor.

e The development of the theoretical relations that permit
the computation of these thermal-hydraulic characteristics.

e The actual calculation of this information for the reactor.
This calculation requires the use of the PWR Thermal-
Hydraulics Code, the description of which is included in
this module.

The thermal-hydraulic characteristics of the reactor are required
for the determination of:

e Fuel integrity

e Cladding integrity

e Coolant exit conditicns
® Pumping requirements

o Temperature feedback for reactor neutronics calculations.



2.0 Content of the Moduie

This learning module contains the thermal-hydraulics of pressurized
water reactors. Specifically, the module is concerned with the temperature
field, the heat transfer rates and the coolant pressure drop in typical.
pressurized water reactor fuel assemblies.

As in all of the modules of this series, emphasis is placed on
developing the theory and demonstrating its use with a simplified model.
The model is carefully selected to insure that analyses based on it will
exhibit all of the important thermal—hydrauliq trends of the typical reac-
tor. The description of the fuel for a typical pressurized water reactor
and the modeling of the fuel which preserves the significant thermal-
hydraulic characteristics are treated in the next section of this module.

Following the geometry and modeling section, the basic theory
governing the temperature distributions, heat transfer rates, pressure
drops, and energy balance considerations is presented. The temperatufe
distributions in the fuel and cladding are calculated assuming one~dimen-
sional radial heat conduction. The pressure drop in the coolant channels
and the heat transfer coefficient for use in Newton's law of cooling are
calculated from empirical relations developed for reactor coolant channel
flows. Energy balances for small axial segments of the cqolant channel
are used to step the solution in the axial direction. Simple examples,.
illustrating the individual calculations, are worked out in detail for
typical PWR conditionms.

The heart of the module is the PWR Thermal-Hydraulics Computer Code.
Basically, the code solves for the radial temperature distributions in

the fuel, cladding, and coolant at any axial station and then marches
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axially with an energy balance in the coolant. The code and its use are
described in detail. 1Included are a listing and definitién of all vari-
ables, a discussion of all input requirements and resulting output, an
annotated flow chart of the code, an explanation of all options in the
code, and a listing of the code which includes enough comment statements
to clearly indicate the operational steps being performed. By proper
specification of the options, the code can either be used as an individual
entity to study thermal-hydraulic aspects exclusively, or as a subroutine
in the total PWR module package to provide temperature feedback to the
other modules. Examples are worked out using the code. In typical
examples, the location and magnitude of the maximum fuel temperature in
the PWR are found and the effect of oversized cladding on maximum fuel

temperature and coolant outlet temperature are determined.



3.0 PWR Fuel Geometry and Its Model

The typical pressurized water reactor core is approximately
cylindrical in shape and is composed of 200 to 240 fuel assemblies. These
fuel assemblies are rectangular in cross section, 12 to 14 feet long, and
stand vertically in the core. Water gaps (the order of 0.20 in.) separate
the fuel assemblies from one another. The fuel assemblies are contained
inside a core shroud which in turn fits inside a cylindrical core support
which is 10 to 12 feet in diameter. To provide a flattening of the neutron
flux (and hence the power production) in the radial direction, the
enrichment of the fuel is varied in cylindrical zomes.

The fuel assembly consists of 150 to 200 fuel rods, support grids
holding the rods firmly at the ends, and spacers between the individual
rods at several axial locations. All but about 1 foot of the 12 to 14 feet
length of the fuel rods contain nuclear fuel and therefore generate heat
internally during reactor operation.

A cross-section of a typical fuel assembly is shown in Figure 1.

The fuel rods are arranged in a square array within the fuel assembly.

The coolant, which carries away the energy generated within the fuel rods,
flows in the spaces between the rods. Three types of coolant channels can
be identified as shown in Figure 1. These correspond to the channels
associated with central fuel rods, outer row fuel rods, and corner fuel
rods.

Noting that a great majority (144 out of 196 in a 14 by 14 array) of
the coolant channels are central—typé coolant channels, and that the outer
row- and corner-type channels do not differ too markedly from the central-

type (elongated about 10% in one or both directions, respectively) one of
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the central-type channels is selected as the model coolant channel. The
model channel thus consists of a square with corners at the centers of
the four fuel rods forming the channel minus the four quarter-circular
segments of the fuel rods themselves. The ratio of center-to-center
spacing, S, to the fuel rod diameter, Ds’ is typically 1.3. The hatched
area in Figure 1 shows a model channel.

Each flow channel serves segments of four fuel rods as can be seen
in Figure 1. Since the four rods are identical and since the neutron
flux does not vary significantly in the short distance from one rod to the
next all four rods may be assumed to have the same operating characteris-
tics. Thus the four fuel rod segments associated with each flow channel
can be treated as one equivalent fuel rod. The power generation level in
the model fuel rod will be taken as that of the average fuel rod in the
core.

The model fuel rod will have a variation in power demsity in the axial

direction. This variation will be taken as

1 LR | TTZ

g (@) =q, cos Pt s

unless a computed actual axial variation is provided from another module.

1t . '
In Equation 1, q represents the thermal source strength per unit volume

Tty
at any axial location Z, q o represents the thermal source strength per

unit volume at the center of the fuel rod (Z=0), and He is the extrapolated

11 111
height of the core. Both q and q , are taken to be constant radially

LI ]
throughout the fuel in the fuel rod. The magnitude of q o is representa-
tive of that of the average fuel rod in the core. The extrapolated height

is calculated from

10



H,=H+2L, (2)

where H is the actual height of the reactor core and Le is an extrapolation
length. The extrapolation length is the distance between the actual end

of the core and the location where an extrapolation of the waveform re-
presenting the actual neutron flux distribution within the core goes to
zero. From neutron diffusion theory Le can be shown to be about one
migration length for a bare core. The migration length can be calcuiated
from neutron diffusioq theory [1,2,3]?

The PWR fuel rods are 12 to 14 feet long and about 0.45 inch in
diameter. About 8 to 10 inches of the total length is used for end
fittings and a fission gas plenum. The remaining length contains nuclear
fuel, usually uranium dioxide. The fuel is typically in the form of cylin-
drical pellets with a diameter of about 0.39 inch. These fuel pellets
are stacked inside a tube of cladding, usually a zirconium alloy with
about a 0.025 inch thick wall; The 0.003 to 0.005 inch gap between the
fuel and the inside of the cladding is pressurized with high-purity
helium.

For simplicity, the helium gap is neglected in the model of tﬁe fuel
rod. The model fuel rod thus consists of fuel of diameter D_ contained in

f

a tube of cladding with an inside diameter D_ and an outside diameter Ds'

f
For the model fuel rod, the length of the end fittings will each be
assumed to be 17 of the active fuel length and the length of the gas

plenum on the top of the fuel will be taken as 5% of the active fuel length.

*Numbers in brackets refer to items in References.

11



4.0 PWR Thermal-llydraulic Theory

4.1 Internal Heat Generation

As a result of nuclear fission in the fuel, heat is generated. The

rate of energy generation in the fuel per unit volume is called the

11
"volumetric thermal source strength," q , and can be calculated from

tr

q = Efof ;f 9 (3)

where E. is the energy released per fission reaction (energy dimensioms),

fo is the fissionable fuel density (fissionable nuclei per unit volume),

Ef is the effective fission microscopic cross section (dimensions of area),

and ¢ is the neutron flux (neutrons per unit area per unit time). Note

try
that q has dimensions of energy per unit volume. The details of this

calculation of volumetric thermal source strength are found in Reactor
Statics Module 8.
The volumetric thermal source strength varies throughout the reactor

since ¢, and perhaps fo, vary. For a cylindrical reactor, axial symmetry

ty?
is generally a reasonable approximation. Therefore q reduces to a

function of only the radius, R, and the axial position, Z. Across any

11
single fuel rod, the change in q is small (due to small change in R)

T
and q can therefore be considered constant across its cross section.

tre
Thus for any single fuel rod q is a function of only the axlal position.
Also for any small axial segment of a fuel rod (the order of 1% of the
11
total active length) the change in q is moderate. Using a constant

average value for any such segment thus introduces little error into the

analysis. This approximation is used in this module.

12



The heat generation in any small segment of the fuel can be obtained
by multiplying the volumetric thermal source strength by the volume of the
segment. For steady state conditions this energy must be removed from
the fuel. The mechanism by which this heat transfer occurs within the
fuel is thermal conduction.

Example 1

A PWR containing 25,000 fuel rods generates 2000 Mw(t). The cylindrical
core of the reactor is 10 ft long and 7 ft in diameter. The fuel consists |
of 0.3 in. diameter UO2 fuel pellets contained in cladding which has
an outside diameter of 0.35 in. The fuel rods are spaced 0.45 in. center-
to-center in a square array. The volumetric thermal source strength of

ree 11 .
the fuel varies as q =q cos(HZ/He). The extrapolation length for

Tt
the fuel is 6 in. Find the power per unit length (in kw/ft) and q o for
the average fuel rod in the core.

Solution

The power generated in the average fuel rod is

6
_P total _ 2000 x 10 _ _
Pave = N 25,000 =80,000 watt = 80 kw.
P _ 80 kw _ o kw
Thus, per unit length the power is L~ 10 ft 8 e

The power produced by the average fuel rod can also be calculated by

integrating the power produced in each differential volume of the fuel

rod. Thus,
H/2
J " av [ "' cos (Mz/H ) (MD%/4)dz
P = q = q cos
ave v H/2 o e f
2 Tt H/2
= (1, D q  /4)[sin(NZ/H)]_ /),

2
f

Tt
(H D, q /2) sin(Nl/2H ),
e o e
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Solving for q o0 °

e 2Pave

o 2
He Df sin(HH/ZHe)

Btu )
watt-hr

c%z-fﬁgz sin[ (1) (10 ££)/(2) (11 £t)]

(2) (80,000 watt) (3.413
2

=

(11 £t) (0.3 in.)

= 8.025 x 107 Btu/hr—fta.
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4.2 Temperature Distribution in the Fuel

For conduction heat transfer the heat flux is proportional to the

normal temperature gradient. When the proportionality constant is inserted
q. = -kA el (4)

where q, is the heat transfer rate in the n-direction (energy/time), aT/?)Xn
is the temperature gradient in the n-direction (degrees/length), An is the
area normal to the n-direction, and k is the thermal conductivity of the
material.(energy/degree-length-time). Equation 4,_which is Fourier's law

of heat conduction, relates the heat transfer to the temperature field

and is also the defining equation for the thermal conductivity. The ther-
mal conductivity is a material property and its magnitude in general varies
with the temperature of the material. Heat transfer properties of various
reactor materials are tgbulated as functions of temperature in References
4, 5, and 6. To reduce the complexity of heat transfer calculatioms, the
thermal conductivity is often assumed to be constant and evaluated at én
average temperature. The minus sign in Equation 4 assures that the

heat transfer is in the direction of decreasing temperature. Equation

4 shows that temperature gradients are required for heat transfer. In
nuclear reactor applications, where there are high heat transfer .-ates,
large temperature variations occur. One of the primary tasks of reactor
thermal-hydraulic analysis is the prediction of this temperature distri-
bution in the fuel.

The heat conduction equation in cylindrical coordinates

2
T L 13T 1
r or r2

ar?

827 32T g''' _ 1 2T 5
62 9z2 ko @ )
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and the initial and boundary conditions prescribe the temperature
distribution within the fuel rod. In this relation, the thermal conductivi-
ty, k, and the thermal diffusivity, «, have been assumed constant. The
‘development of this equation is found in heat transfer texts [4, 5, 6]

and several simpl#fied cases are given as exercises for the student.

For stea;y sf%@é’tonditibns, the un;teady term on the right hand side of
the equation is zero, and for axial symmetry, the O variation disappears.
It may also be observed that since the length of a fuel pin is much greater
than its radius, the temperature gradients in the radial direction will be
much greater than the temperature gradients in the axial direction.
Therefore, to a.good approximation, the heat transfer in the axial
direction can be neglected with respect to that in the radial direction,
and the reSultingiteﬁperature distribution and heat transfer reduced

to a one-dimensional case for any axial segment in which q"' may be
assumed constant. The governing differential equation for this case
reduces to the ordinary differential equation

«
11!

d?T +1dT 4+ 4 - o,
dr2 r dr kf (6)

The solution of Equation 6 subject to the boundary conditions

) T=T atr= 0,
(n

RN dr

‘yields the temperature distribution in the fuel. The second boundary

condition is obtained from the observation that the temperature distri-

bution must be continuous across the center of the cylinder. Observing

11t

that both q and k are constant and that
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£1 , 1dr _ 14 |, ar
dr2 r dr r dr dr (8)

Equation 6 can be written as

d_ T ) - - a4
dr ‘r dr) ke T (9)

Integrating twice results in

2
T=—-‘1—-k”' -2—+c11nr+c2.
£ . (10)

Applying the boundary conditions of Equation 7, the integration constants

are
C1 = 0,
= (11)
C, = To.
Substituting into Equation 10 gives
-7 -4 2
el mwg ™ (12)

This relation shows the temperature distribution in the fuel to be
parabolic with maximum temperature at the center. The heat transfer rate
through any cylindrical shell can be calculated from Fourier's law which
takes the form

dT

q = - k A -
r dr (13)

r f

where Ar = 2mr(AL), AL being the length of the cylindrical shell.
Of particular interest are the temperature and heat transfer at the

surface of the fuel; i.e., at r = = Df/2. At this location

Te

1t
T, =T -3d— 12

f o 4kf £ (14)
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dT
= -k anf (AL) dr| -

q -
£ T°f Ty

(15)
= ner(AL) q'"’'.

Noting that nri AL is the volume of the fuel rod segment of length AL, it
is observed that the heat transfer out of the r = re cylindrical shell is
indeed equal to the total energy generated as calculated from (q"')
(fuel volume). For one-dimensional heat transfer all of the energy
generated within the fuel must be transferred out through the surface.
Example 2

Equation 14 relates the temperatures at the center and surface of a
heat-generating cylindrical fuel rod. This equation contains the thermal
conductivity of the fuel which, in general, is a function of temperature.
However, the analysis leading to Equation 14 assumes the thermal conduc-
tivity to Se constant. Determine the temperature at which to evaluate kf
to make the assumption of congtant kf compatible with a kf that varies
linearly with temperature.
Solution

The method of solution is to develop an expression relating To and
TS which assumes kf = a + bT and then compare this result with Equation
14. We begin with Fourier's law of heat conduction,

dT
q —kardr'

1]
Recognizing that q = q (volume) and Ar = 2ntr(AL):

q (L) = —k 21rr(AL)g—'£-.

f
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Simplifying, separating variables, and substituting for kf:

q rdr = -2(a + bT)dT.

Tt
Integrating from r = 0 to r = r_ with q . 4, b constant,

f

T
oo [L2]7E v 2] £

q e = -2|aT + 5 T

2 2
0 —JTo
r2
Y f b .2 2
4 g =T - T - g (T - 1)

[a+-g-(To+Tf)] (T - T

qlll r2
To - Tf = b -
4ia + ‘E(To + Tf)]

Comparing this with Equation 14 written as

we see that the relations are equivalent for

= b
ke =a+ 3 (T +T).

Note that this is precisely equal to kf evaluated at the arithmetic
T +T

average fuel temperature; i.e., k(———i——gﬁ.
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4.3 Temperature Distribution in the Cladding

The temperature distribution in the cladding can be calculated by
methods similar to those used for the fuel. Noting that no energy is

generated in the fuel, the governing eguation simplifies to

4 45y | (16)

dr (r dr) 0.

The boundary conditions obtained by matching temperature and heat transfer
at the fuel-cladding interface are

T = Tf at r = Tes

dT qf rfq' " ¢ (17)
dr 2nkcrf(AL? 2kc f

where kc is the thermal conductivity of the cladding.

Integrating Equation 16 twice yields
T = c3 In r + C4. (18)

Applying the boundary conditions in Equation 17,

rfqull
7w
rfzq-c- (19)
= T,
C,=Te+ o Tt

Substituting into Equation 18 yields the temperature distribution in the

cladding,

T=Tg - —p—— ln:—f-. (20)

e

\J
Or, if q is eliminated in favor of Qs

q
f r
T=T - T an) Mg (21)

The temperature at the surface of the cladding, TS, is obtained by

evaluating Equation 21 at I

20




) % 0 Is
Ts = Tg = 2wk _(AD) ¢ (22)

Note also that the same heat transfer rate must occur through each

cylindrical layer for steady state conditions; i.e., 9 = Q-

21
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4.4 Temperature Drop in the Convective Layer

All of the heat generated within the fuel ultimately must be
transferred to the coolant. Thus all of this energy must be transferred
through the fluid layer near the outer surface of the cladding. The
heat transfer mechanism, wherein the energy is carried away or convected
from the solid surface by a fluid in motion, is called convection. The
heat transfer rate for convective heat transfer is related to the tempera-
ture difference between the surface and the bulk fluid, the driving

potential for the heat transfer, by Newton's law of cooling,
q = h Ag (Tg = Tp)- (23)

This relation may also be taken as the defining equation for the heat
transfer coefficient, h. The bulk temperature TB’ is a mass-weighted

average temperature of the fluid in the flow channel. It is formally

defined by
prUTdA
A" P
Tg = e, (24)

This is the temperature that a thermometer would indicate if immersed in
a cup of fluid collected from the discharge of the flow channel at the
given location.

Relations for calculating h from the flow characteristics and
coolant properties have been developed. These will be treated in a later
section of the mocule. For the moment, the quantity of interest is the
temperature drop across the convective layer. In terms of h, this can be

obtained from Equation 23 as

22
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q
T -~ T = anS?ALSE (25)
where r_ is the outer radius of the cladding.
Example 3.

Consider the PWR described in Example 1. The bulk temperature of
the coolant changes from 491 F to 609 F as the coolant flows through the
reactor. Given that the heat transfer coefficient is 6000 Btu/hr—ftz—F,
the thermal conductivity of the fuel and cladding are 2.40 and 6.90
Btu/hr-ft-F, respectively, determine the fuel centerline temperature at
the axial center of the core.

Solution.

Half of the total energy transfer to the coolant occurs in the first
half of the core. Thus the coolant bulk temperature at the axial center
of the core is 550 F. To this, we must add the temperature rises across
the convective layer, the cladding, and the fuel to obtain the fuel center-
line temperature.

The heat transfer rate through the convective layer at Z = 0 is

tey L

= 20x
qa, (fuel volume) = q o an(AL)/4

¥=]
]

(8.025 x 107 Btu/hr—£t3) (1/4) (0.3 1n.)2(£e/12 in.) 2 (AL £r)

39393 (AL) Btu/hr,

From Equation 23,

T oo =35 _ 39393 AL Btu/hr
s (6000 Btu/hr-£t*-F)N(0.35 in.)(£t/12 in.)(AL £t)

= 71.6 F.
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The heat transfer rate through the cladding is the same as that

through the convective layer. ILquation 22 ylelds

q r
T - T f s

=_———1n_.._
f s 2nkc(AL) re

- (39393 AL Btu/hr) 1n(0.175/0.15)
21(6.90 Btu/hr-ft-F) (AL ft)

140.1 F.
From equation 14 the temperature rise through the fuel is found as

ey
2
T oo = TE_(8.025x 107 Bru/hr-£t3)(0.15 in.)2(F£/12 1n.)”

o f 4 kf 4(2.40 Btu/hr-ft-F)
¢

= 1306.2 F,

Adding these temperature rises to the bulk temperature,

—
n

(T0 - Tf) + (Tf -.TS) + (TS - TB) + TB

1306.2 + 140.1 + 71.6 + 550 = 2067.9 F,
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4.5 Pressure Drop in the Coolant

All of the energy generated by nuciear fission in the fuel must be
carried out of the reactor by the coolant which flows in the channels
between the fuel rods. In a PWR the coolant is water which is force-
circulated by a pump. Enough pressure head must be provided by the pump
to overcome the pressure losses in the water flow loop. The entire loop
consists of the reactor flow channels, the heat exchangers, water quality
maintenance components and connecting piping, Of interest here is the
determination of the pressure loss incurred in the flow through the
reactor core. Two types of pressure losses will be considered. These are
the frictional pressure loss along the coolant channel and the entrance
and exit permanent pressure losses.

The frictional pressure loss is a manifestation of the sheaf stress
on the flowing fluid by fhe walls of the flow chanmnel. This pressure loss

is calculated from

2
F D, 28, ° (26)

This relation may also be interpreted as the defining equation for the
friction factor, f. The bulk velocity, UB’ found in Equation 26 is the
velocity averaged across the flow channel. It is defined by

f U dA. z7)

A

>l

UB =

This velocity is related to the mass flow rate by

m = pAUg (28)



- 22 -

' or to the mass velocity by

m
G=%"°h: (29)
The equivalent diaﬁeter, De’ is used to relate experimental data from
circular tubes, which is abundant in the literature, to different geometries
The equivalent diameter is calculated from

B 4

D 5

(30)
w

Note that for a circular cross séction the flow area is HD2/4 and P, = 1D.
Thus for a circle the equivalent diameter is equal to the actual diameter,
as required. This, of course, is why the definition of Equation 30 is uéed‘
The value of the friction factor depends on the flow aand surface
conditions in the channel. The flow conditions are characterized by the

Reynolds number,
DUBD
T . (31)

Re =

It is well known that for Re below a critical value the flow is laminar,
and for Re above the critical value the flow is turbulent. For internal
flows this critical Re is about 2000. Laminar flow may be thought of as
an ordered process in which fluid layers slide over one another, being
retarded only by the molecular interaction between the layers. The vis-
cosity of the fluid quantifies the magnitude of this interaction. 1In
laminar flow any disturbance in the fluid is damped by the viscous action.
In turbulent flow there is an additional random tramsport mechanism
operable. This mechanism may be modeled as eddies (finite sized patches

of fluid which retain their characteristics for finite times) moving
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throughout the fluid,"transporting mass, momentum, and energy by virtue

of their movement. This action is quite violent and results in transport
rates much greater than those by purely molecular activity in laminar flow.
In turbulent flow, disturbances in the flow field grow and propagate |
resulting in increased turbulence levels downstream of the disturbances.
Even in highly turbulent flows, there exists a layer near the solid bounding
surfaces where the presence of the wall retards the penetration of eddies
and therefore acts as a flow stabilizer. This results in a laminar sub-
layer existing near any solid boundary. Even though this layer is very
thin, it is very important, since much of the temperature and velocity
change between wall and bulk conditions occurs in this layer. In reactor
coolant channels the flow is highly turbulent with Re of the order of
100,000 and greater being quite common.

The surface condition of the flow channel is characterized by the
ratio of the surface roughness height to the equivalent diameter of the
flow channel, E/De. The flow channel exhibits smooth tube behavior if the
roughness height is less than the thickness of the laminar sublayer. For
reactor coolant flow channels the surface conditions are controlled so
that this criterion is met.

The calculation of the friction factor for the reactor coolant flow
channels is a two-step procedure. First, the smooth circular tube friction
factor is determined, and.then a correction factor is applied to account
for the actual channel shape. The smooth circular tube friction factor
can be determined fromia Moody chart where fcirc is plotted versus Re.
These charts are found in most fluid mechanics texts and handbooks [7, 8,
9, 10]. An alternate method is to calculate the friction factor from a

correlation in equation form. One of the most widely accepted for reactor
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work is

£ =

circ 0.2 ° (32)

This relation, like the Moody diagram, was obtained from a curve fit of
experimental data in smooth circular tubes. The frictionlfactor defined

in this module is the Darcy-Weisbach friction factor. Care must be taken
not to confgse this fraction factor with the Fanning friction factor (fFan =
fD_w/A) also found in the literature. A correction of the circular tube
data to the rod bundle geometry has been obtained by Deissler and Taylor
[11]. Their results, expressing f/fcirc as a function of S/Ds, can be

approximated by the following polynomial fit:

2 3

= ‘ s _ S S_
£/f ; o=-3-475 + 8.053 D .4.705 (DS) + 0.9162 (Ds) . (33)

The permanent pressure losses at the inlet and exit are the result
of increased viscous energy dissipation resulting from increased turbulent

activity. These losses may be calculated from

o2

B
AP = — {‘

In this relation, K is the resistance coefficient for the inlet or exit

geometry. The inlet may be approximated as a sudden contraction from a
very large diameter to the equivalent diameter of the flow channel. For
this sudden contraction, the resistance coefficient is 0.5 [10].
Similarly the exit may be approximated as a sudden expansion from De to
a very large diameter. For this expansion, K is 1.0 [10]. |
Example 4.

The PWR described in Example 1 has an inlet coolant temperature of

491 F, an inlet coolant pressure of 2250 psia, and a coolant mass velocity

28
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of 2.5 x 106 lbm/hr—ftz. The coolant exit temperature is 609 F.
Estimate fhe frictional pressure loss in the core. Neglect entrance
and exit losses.
Solution.
The coolant properties are evaluated at the average coolant temper-

ature. At 550 F, 2250 ésia:

=
]

0.2336  1bm/hr-ft

46.47  1bm/ft.

©
]

The average coolant velocity is found from

Uy = G/p = (2.5 x 10® 1bm/hr-££2)/(46.47 1bm/£t3) = 53,800 ft/hr.

The equivalent diameter is computed next.

s
f 4 s

2

(0.45 in.)2 -2 (0.35 in.)? = 0.1063 in.

P, = HDS = 11(0.35 in.) = 1.100 in.
D = &4A_/p = 4(0.1063 1n.2)/(1.1oo in.)
e f'
= 0,386 in. = 0.0322 f¢t.

The Reynolds number is

Re = UB De olu

| (53,800 ft/hr)(0.0322 ft)(46.47 lbm/ft3)/(0.2336 l1bm/hr-ft)

344,600,
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Using a circular tube friction factor correlation,

0.2

0.184/Re®*2 = 0.184/ (344,600)° 2

fcirc

0.0144.

Ap'pliy.ing the correction for the actual reactor flow channel,

/

f

-

: ' 2 3
fcirc [- 3.475 + 8.053(S/DS) - 4.705(S/DS) + 0.916(S/DS) 1

2
) + 0. 916(

(0 0144) [- 3.475 + 8.053 (0 35 - 4.705 (

0. 35 0. 35) ]

- 0.0151.

From the defining equation for the friction factor,
AP, = f(AL/D ) o U2/2g
e B c
= (0.0151)(120 in./0.386 in.)(46.47 lbm/ft3)(53,800 ft/hr)2
Y

/(3600 sec/nr) (2) (32.2 lbm-ft/sec’ - 1bf)

= 756.5 1bf/ft2

5.25 psi.
Exéﬁglé 5w
Each coolaﬁt cHannel in a fuel assembly has the same pressure drop.
If all coolant channels are not identical the flow will redistribute such
that this equal pressure drop is attained. Determine the relation
fkbetwiﬁn-average velocity in the coolant channel (or equivalently the
magg?belocit;) and the. equivalent diameter of the channel which governs

the flow distrlbution

B B

@

30
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Solution.

The frictional pressure drop is given by

2
oU
ap = g B,
D 2g
e c

Substituting for the friction factor,

2
0.184 AL °“B

0.2 D 2g
[UBDep] e c

u

1.8 1.2
a UB /De

if constant density and viscosity are assumed. For channels 1 and 2,

each having equal pressure drop,

1.8
Bl

1.2 _ .1.8,.1.2
/D =U /De2

u el B2

or

_ 2/3
Upp/Upy = (Dgp/Dg) ™7,

31
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4.6 The Heat Transfer Coefficient

The heat transfer coefficient for reactor coolant channels is
determined by a two-step procedure similar to that used previously for
the friction factor. The heat transfer coefficient for flow in circular
tubes is found first and then a correction is applied to obtain h for the
actual reactor coolant channel geometry.

No direct analytical methods for predicting h for turbulent flow in
circular tubes exist. However, by the use of an analogy between heat and
momentum transpbrt, the dependence of h on the flow field characteristics,
i.e., on the Re can be predicted. Then, by applying the results of a heat
transfer analysis for laminar flow over a flat plate, an estimate of the

Prandtl number dependence on heat transfer can be obtained. The
Pr may be interpreted as a dimensionless modulus relating the temperature
field in the fluid to the flow field. For Pr of unity, similar velocity
and temperature profiles exist in the fluid. TFinally, the predicted
expression for h is compared to empirical correlations found to fit the
available experimental data.

The heat transfer across a fluid layer in laminar flow may be

calculated from Fourier's law,
- _ dT
q=-kAagy, (35)

where y is the direction normal to the fluid flow. Similarly, the shear

stress in the fluid can be related to the velocity gradient by

dU
TS UGy (36)

which defines the viscosity coefficient u. These relations can be

rearranged to yield

P (37)
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and

dy (38)

In these relations, a = ;%— is the molecular diffusivity of heat and v
P

is the kinematic viscosity or the molecular diffusivity of momentum. We
now postulate that the eddy transport of heat and momentum present in
turbulent flow can be expressed in the same form. To this end, we define
the eddy diffusivity of heat, EH’ and the eddy diffusivity of momentum, €
as the parameters, that, when multiplied by the appropriate gradient,
yield the corresponding transport rate for turbulent flow. In general €

M

and EH vary throughout the flow field. For the combined molecular trans-

port plus turbulent eddy transport,

9 = _ 4T
pC A (0 +ey) Gy o (39)
and
du
T = av.
5 (v + eM) Iy
(40)
We now assume that heat and momentum are transported by analogous
processes and at the same rate. This requires that o = v and €. = €.

H M
Since the Pr = v/a, the first condition is equivalent to Pr = 1. Similarly

a turbulent Prandtl number may be defined as Pr = sM/s Therefore the

t H’
second condition is equivalent to Prt = 1, The basic assumption we have
made also implies that both q and T vary in the same way across the field;

i.e.,

—3 __ = constant = i,
CpA'r CpAwTw (41)

33
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if the constant is expressed in terms of quantities at the surface or wall.
Dividing Equation 39 by Equation 40 and using the assumption dis-

cussed above,

v

—— dy = -dT.
CpAwTw (42)

Integrating this expression between wall conditions and fluid bulk

conditions, . " UB TB
-
aw = - f ar.
cpAw'cw . (43)
T
w w
Since Uw = (0, this reduces to
q U
w B
= T - Tqe (44)
CPAWTW w B

To introduce h into this expression, Newton's law of cooling (Equation 23)

is used to give

. 1,
b T, - Ty (45)

Substituting Equation 45 into Equation 44,

C. T,

Ug

The shear stress at the wall can be eliminated from this expression
in favor of the friction factor. To do this, T, is first related to the
pressure loss over the length of the pipe, AL, and then Equation 26 re-
lating the pressure loss and the friction factor is used. Consider the
fluid in a section of pipe of diameter, D, and length, AL. For fully
developed flow, the sum of the forces acting in the flow direction must

equal zero. The forces that must be considered are the pressure force on

v

34
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the upstream circular face, %-DZ P, the pressure force on the downstream
face, %-DZ (P-AP), and the shear force along the periphery, AnD LTW. Summing

these forces with proper regard as to their direction gives

T h2p = Jus -
g DPP = m DALT + D2 (P-AP)

7
and (47)

- D
Tw ZAL AP .

Using Equation 26 for AP, this becomes

2
_Db .a %
Tw ~ ZAL D 2
(48)
pUﬁ
f —

g

Substituting Equation 48 into Equation 47,

£
h=C U3 " (49)

Introducing the Stanton Number, a convenient dimensionless grouping common

in heat transfer work, Equation 49 becomes

‘ h £
St E ——————— = . (50)
PCp Ug 8

Using Equation 32 for f,

-0.2
st = 0.023 R,O"%.

(51)

This result is often found expressed in terms of the Nusselt number, defined

as

(52)
One common interpretation of the Nu is that it is the ratio of the actual

convection heat transfer from a surface to the heat transfer assuming that

35
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only molecular conduction in a stagnant fluid is present. Noting that

hD
h - (k ) = Nu (s
pColp CoH pDU, Pr Re 3)
Py D

St =

we can rewrite Equation 51 as

Nu = 0.023 Pr Re0'8. (54)

The Pr dependence found in Equation 54 is not correct. One
reason why this incorrect dependence appears is that Pr = 1 was assumed
early in the development; therefore one would not expect the Pr dependence
to be properly represented in the result. The analysis of laminar flow
heat transfer from a flat plate (one of the few cases wiiich can be treated

1/3

analytically) yields a Pr dependence in an expression for the Nusselt

number. In practice it turns out that this Prl/3

dependence is reasonably
accurate for the turbulent pipe flow case of interest here as well. In
fact some of the empirical correlations found in the literature exhibit
this Prl/3 dependence in the Nu(Pr, Re) relation. However, the relation

that is the best known, most widely used, and is recommended here is the

Dittus-Boelter Equation [12],

Nu = 0.023 Re?*8 e,

65)

For the fluid in the tube being heated, the recommended value of n is 0.4
and for the fluid in the tube being cooled, the recommended value of n is
0.3. The former case is the one found in reactor work. In Equation 55
several temperature dependent fluid properties appear (k, p, M, Cp).
These properties are to be evaluated at the average bulk temperature of

the fluid for the segment of tubing of interest.

| - 36
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The heat transfer coefficient for circular tubes calculated from
Equation 55 is then related to the heat transfer coefficient for the
reactor coolant channel. This is done by using the equivalent diameter
of the coolant channel in the Nusselt number and Reynolds number in the
circular tube Nusselt number correlation and then applying the correc-
tion of Deissler and Taylor [11]. The Deissler and Taylor correction is
the same as that used for the friction factor; i.e. it may be approximated
by

Nu 2 3

S S S
T = -3.475 + 8.053 2> - 4.705 (39 + 0.9162 (=) .
Nu_, o D, (DS) 0.91 (DS) (56)

The heat transfer coefficient determined from this relation is the average
value around the periphery of the fuel rod.
‘Example 6.

Determine the averagé heat transfer coefficient for the PWR described
in Examples 1 and 4.
Solution.

The average heat transfer coefficient corresponds closely to that
calculated at the average coolant conditions; i.e., 550 F and 2250 psia.

Additional fluid properties required for this calculation are

C
P

k = 0.3346 Btu/hr-ft-F.

1.258 Btu/lbm-F,

The Prandtl number is
" Pr

C ul/k
P

(1.258 Btu/1bm-F) (0.2336 1bm/hr-£ft)/0.3346 Btu/hr-ft-F)

0.878.
From the circular tube Nusselt number correlation,

0.8 , 0.4

N 0.023 Re *~ Pr

u
cire
0.023 (344,600)°°8 (0.878)0*% = 587.5.
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Applying the correction for the actual flow channel,

2 3
Nu = Nucirc [-3.475 + 8.053(S/DS) —4.705(S/Ds) + 0.916(S/Ds) ]

0.45 0.45 0.45
- (587. 5)[:3 475 + 8. 053(0 35l -4, 705[0 35] + 0. 916[0 35]f]

615.7.

Calculation of h from the definition of Nu gives

o
1}

(Nu) k/De

(615.7)(0.3346 Btu/hr-ft-F)/(0.0322 ft)

6397 Btu/hr-ft-F

38
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4.7 Incremental Energy Balances

As heat is transferred from the fuel rod to the coolant, the
temperature of the coolant rises. Thus, thg coolant temperature varies
from a2 minimum at the inlet of the coolant channel to a maximum at the
exit of the fuel bundle. The bulk temperature at any axial position can
be determined from an energy balance where the total energy added by heat

transfer to the coolant is equated to the energy rise of the coolant, i.e.,
Z

mi = miin + f qg (z) dz. G7)
' -H/2
Recognizing that for subcooled water Ai = CPATB and solving for the local

bulk temperature, this becomes

z
- 1 [ (58)
g =T, + 3o q. (2) dz.
Bt T AC gy, s

Equation 58 can be used to determine the bulk temperature increase for any

segment, AL, of the coolant channel by

Zc+AL/2
1 f (59)
T - T = q.(z) dz
B2 Bl g c, z -AL/2

where Zc is the center of the increment under consideration. Defining an

average surface heat flux for the increment, q £ q /A _, the incremental
& s s'''s

bulk temperature rise becomes
'nDSAL '

B2 ~ Tg1 = & c, dg - (60)

T

"
The local surface heat flux, qs(Z), is related to the local volumetric

thermal source strength by observing that all of the energy generated in the

fuel is transferred out through the surface of the cladding; i.e.,

39
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] T ]
"D, dZ q (2) -Z-D% dz q (2).

(61)
This simplifies to
q;'(z) =;§z 'qm(Z)- (62)
Similarly,
Y D% e
JR SR (63)

40
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4.8 Assessment of Local Coolant Conditicns

Two important cheéks on coolant conditions should be made to insure
that the reactor is adequately cooled. The first is a determination of
whether the fluid bulk is indeed subcooled. As the coolant flows through
the reactor, its energy is increased by heat transfer and its pressure is
decreased by flow losses. Both of these effects reduce the subcooling of
the fluid. To insure bulk subcooling, the local bulk temperature must be
less than the saturation temperature at the local pressure.. The critical
location, of course, 1s at the exit of the channel, where the coolant
bulk temperature is the maximum and the pressure is at a minimum.

The other determination that should be made is whether there is any
local boiling near the surface of the fuel rod. The criterion for this
determination is whether the maximum coolant teﬁperature at any cross
section 1s greater than the local saturation temperature. The maximum
coolant temperature at any cross :. :ion occurs in the fluid layer immed-
iately adjacent to the cladding . : .s magnitude approaches the surface
temperature of the cladding. The axial location of the maximum cladding
surface temperature can be obtained by wr;ting an expression for TS(Z)

LB ]

in terms of ¢ 0’ He’ D Ds’ ﬁ, Cp and h, differentiating with respect

f’
to Z, setting the derivative equal to zero, and solving for Zm' The
maximum cladding surface temperature can then be obtained .y evaluating

TS(Z) at Zm. The details bf this calculation are left as an exercise for

the student.

11
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4.9 Subcooled Flow Boiling

Even though the bulk fluid is subcooled for PWR operation fhe
possibility of local or subcooled flow boiling exists. Whenever the outer
cladding temperature is greater than the local saturation temperature sub-
cooled boiling may occur. Such conditions are obtained in PWR'S during
peak loads. Under these conditions there is a possibility of boiling
burnout of the surface. To assess this possibility, the actual heat flux
at the surface, q:, is compared to the critical heat flux, q!, computed
for subcooled flow boiling. The critical heat flux (CHF), also called the
burnout heat flux or departure from nucleate boiling (DNB), corresponﬁs to
the heat flux at which blanketing of the heat transfer surface by coalesced
vapor bubbles is just imminent. Any further increase in heat flux would
require the heat tramsfer to occur through the vapor blanket. Because of
the low conductivity of the vapor blanket, a catastrophic increase in
surface temperature would result and generally lead to meiting of the
cladding.

One of the most widely used subcooled flow boiling critical heat
flux correlations is the ANL correlation of Jens and Lottes [13]. This
correlation is based on a large number of experimental data for subcooled
water flowing vertically upward in a flow channel under a range of
operating conditions. The conditions spanned by the data are mass velocity
from 0.96 x lO6 to 7.8 x 106 1bm/hr-ft, pressure from 500 to 3000 psia, and

subcooling from 5 to 163 F. The correlation for the critical heat flux,

noo G .o 0.22
q,.=C (IEE) (Tgae = Tg) , 64)

contains two pressure dependent "constants' which are given in Table 1

below.
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TABLF 1

The "constants" C and m for Jens and Lottes Correlation

Water Pressure,

psia C m
500 0.817x102 0.160
1000 0.626x106 0.275
2000 0.445x106 0.500
3000 0.250x10 0.730

Note that the Jens éﬁghtottes correlation breaks down as the
subcooling approaches zero. For this case the more complex Westinghouse
correlation [14], valid for high subcooling to 15% quality, is
recommended.

Whenever subcooled flow boiling exists to any appreciable extent,
the cladding surface temperature can no longer be calculated from Newton's
law of cooling. This is because the heat transfer coefficient in Newton's
law of cooling does not reflect the increased agitation in the convective
(now boiling) film due to the growth of'the vapor bubbles. Instead, the

correlation of Jens and Lottes [13] for subcooled boiling,

: " 0.25 -P/900
AT ., = 1.9 (qy) e >

(65)

may be used. In this relation, ATsat is the difference between the

surface temperature and the local saturation temperature.
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5.0 The PWR Thérmaléﬂydraulicg Code

The PWk Thérmél—ﬁydraulics Code calculates the thermal-hydraulics
performance parameters discussed in Section 4 for the PWR model described
" in Section 3,: The basic operational steps of the code are listed below.
1. Reéiui;t;gér conversions

2. Definition of statement functions

3. _Accept and print input

~ .

-

4. Calculate flow area and equivalent diameter of
coolant channel

5. lDéfermine calculation increment
6. Calculate inlet pressure loss
7. Inifialize to 1lst calculation increment

8.: Calculate bulk temperature rise and average
temperature for lst increment

: @,
9.- Calculate average coolant properties for lst
increment
o 10. Calculate pressure loss for lst increment

11. Calculate average pressure and saturation
temperature for lst increment

12. ¢ Calculate heat transfer coefficient for lst
increment

[

13. Calculate cladding outer surface temperature for
1st increment

14. Check for bulk boiling, surface boiling, critical
heat flux for lst increment

15. Calculate temperature distribution in fuel for
lst increment

16. Print 1lst increment output
17. Repeat steps 7-16 for remaining increments
18. Calculate exit pressure loss and total pressure loss

~19. Print coolant exit conditiomns.

O ‘1‘4
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The details of these specific steps requiring further explanation are
found in the discussion below. A flow chart showing the calculations and
logic is given in Section 5.4.

Most of the statement functions are used for convenience in
calculating property data. These statement functions are in the form of
some property, either of the coolant, cladding, or  fuel, as a function
of the corresponding temperature. All of the function forms are polynomials
and were obtained by fitting polynomials of various degree to tabulated
data. The order of these polynomials varies, having been selected to insure
that it is accurate to within 2% over the range of interest of the para-
meter. Similar polynomial fit statement functions are used to relate the
local saturation temperathre and the "constants'" C and m in Equation 64 to
the local coolant pressure.

A detailed discussion of the input requirements is deferred until
Section 5.2. For the moment it suffices to note that this input is
supplied on three cards; one each for the geometry, the inlet flow
conditions, and the reactor power level.

Since the cross section of the model flow channel does not change
with axial position, the flow area and equivalent diameter are constant

axially. The flow area is calculated from

=g2 . T p2
Ag = S 7 D¢ ©6)
and the equivalent diameter from
D =4_A_f *
e P, (30)
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where the wetted perimeter is given by
P, = 7 D¢ ‘ 67)

In the code, the model coolant channel and fuel rod are sliced into
short segments which are stacked axially to form the proper length core.
The actual length of these segments is selected as a compromise between
the very short segments for which the assumption of constant properties
over the section axially is accurate and the very long segment which
minimizes the computer time. An increment size equal to 1/100 of the active
core length is built into the code. To study the effect of increment
size, or to save computer time, this can readily be changed by altering two
lines of the code.

After the increment size has been computed, the coolant conditions
at the beginning of the first increment are established. The bulk tempera-
ture and mass velocity at the entrance of the first increment are set
equal to the core inlet conditions provided in the input. The pressure
at the entrance of the first calculation increment is obtained by sub-
tracting the inlet pressure loss, computed from Equation 26 and Eq-atioﬁ
34, from the pressure at the inlet of the core. In addition, counters
required in the code logic are set equal to 1, denoting the first increment.

The first major calculation in the code is the determination of the
bulk temperature rise for the first calculation increment. This is calcu-
lated from Equation 60 with 6: determined from Equation 63. For small
calculation increments, the average volumetric thermal source strength can
be accurately approximated by evaluating Equation 1 at -H/2 + AL/2; 1.e.,

at the center of the increment.
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The average bulk temperature, EB’ for the increment is taken as the
arithemetic average of the inlet and exit values. All coolant properties
used in the pressure drop, heat transfer coefficient and critical heat
flux calculations are assumed to be functions of temperature only and are
evaluated at the average bulk temperature.

Both the friction factor and heat transfer éoefficient calculations
require the Reynolds number of the flow which is calculated from Equation
31. Then fcirc and Nucirc are calculated from Equations 32 and 55,
respectively. To fgese values, the multiplicative correction factors are.
applied to yield f and Nu for the actual reactor flow. Knowing f, the
pressure drop for the increment is calculated from Equation 26. The heat
transfer coefficient is backed out of the Nu definition, Equation 52.

The average outer surface temperature of the cladding for the increment

is determined from Newton's law of cooling with a;, fB

and h available

from previous calculations for the increment; i.e.,

LB ]

1
s (68)
t*

Ts = TB

At this point, several comparisons are built into the code which
check for proper reactor operation. The first comparison is of the
average bulk temperature to the saturation temperature evaluated at the

average pressure of the increment. TB < §sat is required for subcooled

operation. If improper operation is observed an informative message is

printed and the calculations are terminated. The second comparison is

TS to Tsat' If TS > Tsat’ then surface boiling may be present. The

possibility of surface boiling for the increment is indicated by a printed

message. Lf surface boiling is indicated by the above criterion, then a

_Il
comparison of 9 to the critical heat flux calculated from Equation 64
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is made. The ratio a:/i: = CHFR (critical heat flux ratio) is computed
for all segments in which surface boiling is indicated. If CHFR is equal
to one or greater, the program terminates after printing out a: and H:.

I1f surface boiling exists but burnout does not occur, the cladding surface
temperature is recalculated from Equation 65.

After the coolant channel calgulations for the increment have been
performed, the radial temperature distribution in the fuel is calculated
for the increment.

First, the temperature at the outer surface of the fuel is found.

In the fuel rod model, the outer surface of the fuel is at the same
temperature as the inner surface of -the cladding; therefore, the outer
surface fuel temperature, Tf, can be obtained by adding the temperature
drop across the cladding to the outer surface temperature of the cladding,
Ts’ which was calculated earlier.

The temperature drop across the cladding is obtained from Equation
22. In Equation 22 the thermal conductivity of the cladding appears.

This property is temperature dependent and should be evaluated at the
mean temperature of the cladding. However the w’-n cladding temperature
is dependent on the temperature rise across the / ladding. Thus, an
iterative-type solution is called for. The procedure used is to

evaluate kc— , calculate T

at T_, calculate T » evaluate kc—II

1 f cla wmean

-
at Tclad mean® ComPare kc—II to kc—I' If kc-II ig within 1.0% of kc—I’
accept value of Tf. If kc—II is not within 1.0% ¢ kc-I’ let kc—I =

kc—II and repeat the sequence. In t"is way a idding thermal conductivity
accurate to within 1.0% is used.
The next step is to calculate the temperature at the center of the

fuel from Equation 14. Again a temperature dependent thermal conductivity,

kf, appears, and an iterative calculaticn procedure like that described

. 18
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in the previous paragraph is used. The fuel temperature at the quarter,
half, and three-quarter radii are then calculated from Equation 12.

After the calculations for the first increment are completed the
results are printed out. Discussion of the output is deferred until Section
5.3. It should be noted here, however, thaf in the output tabulation
the temperatures are reported as having occurred at the axial center of
the increment. In other words, for the first increment the results are
reported at Z =.- H/2 + L/2. After the results for the first increment
have been printed out, the code increments to the next segment, and continues
this process until all 100 segments have been spanned.

After the completion of the calculations and printout for the 100
segments of the core, the core exit conditions are calculated and
printed. A calculation of the exit pressure loss using Equations 26
and 34 is required. Then Pex and Tex are computed and printed, ending

the computations.
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5.1 Nomenclature

-

Analysis Symbol Code Symbol

A AFL

Cy» Cps C35 G,

C cp
P
CHFR CHFR
D
De DEQ
Df DFU
D DCL
[}
Eg
e ERR
f F
f FCIRC
circ
-f/fcirc FRAT
gc

30

Description

Area
Flow area of coolant channel

Heat transfer area normal to n-
direction

Heat transfer area at radius r

Heat transfer area at outside
of cladding

Surface area of wall

Constant in Equation 64
Integration constants

Constant pressure specific heat
Critical heat flux ratio
Diameter

Equivalent diameter of coolant
channel

Qutside diameter of nuclear fuel
Outside diameter of cladding
Energy release per fission

Error ratio

Friction factor

Friction factor for circular tubes

Ratio of actual to circular tube
friction factor

Dimensional constant = 32.174

1bm-ft

secz-lbf
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Analysis Symbol Code Symbol Description
G _ GIN Mass velocity of coolant
h HTC Convective heat transfer
coefficient
H H Height of active core
He HE Extrapolated height of core
i ' 4 Enthalpy
iin Enthalpy at inlet of core
k Thermal conductivity
kB KBC Thermal conductivity of the
coolant
kc KCL Thermal conductivity of cladding
kc-I KCL1 Thermal conductivity of cladding -
at pre~iteration average cladding
' temperature .
kc-II KCL2 Thermal conductivity of cladding -
at updated average cladding
temperature
kf ‘ KFU Thermal conductivity of fuel
KFU1 Thermal conductivity of fuel - at
pre~iteration average fuel
temperature
KFU2 Thermal conductivity of fuel - at
updated average fuel temperature
K Flow resistance coefficient
Le Extrapolation length
AL DELL Length increment
m M Exponent in Lquation 64
m MD@T Mass flow rate
n Exponent in Equation 55
fo Number of fissionable fuel

nuclei per unit volume

ol




Analysis Symbol

Nu

Nucirc

Option
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Code Symbol.

NU

NUCIRC

¢p

PW
PAV
Pl
P2
PEX
PIN

PR

DELPE

DELPF

CHF
SHFAV
QTPAV

QTPO

52

Description

Nusselt number

Nusselt number for circular tubes

Option = 1 for cosine, Option =
2 for coupled program

Wetted perimeter
Pressure

Pressure at beginning of increment

Pressure at end of increment

Core exit prgésure

Core inlet pressure

Prandtl number

Turbulent Prandtl number
Pressure drop

Exit or entrance pressure loss
Frictional pressure loss

Heat transfer rate

Heat transfer rate at Df

Heat transfer rate in n-direction

Heat transfer rate at D
4

]

Heat transfer rate at wall

Criticai heat flux
Heat flux at DS
Volumetric thermal source strength

Volumetric thermal source strength
at center of core

Fuel pin radial coordinate

Radius of fuel
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Analysis Symbol Code Symbol Description
r, Outer radius of cladding
R Core radial coordinate
Re RE Reynolds number
S S Center—-to-center spacing )

between fuel rods

S/DS SRAT Ratio of fuel rod spacing to
fuel rod diameter
e
St Stanton number
T T Temperature
To TO Temperature at center of fuel rod
T1/4 T14 Temperature in fuel at r = 1/4 re
T1/2 T12 Temperature in fuel at r = 1/2 re
T3/4 T34 Temperature in fuel at r = 3/4 re
TB TBAV Coolant bulk temperature
TBl TB1 Bulk temperature at beginning of
increment
TB2 TB2 Bulk temperature at end of
increment
Tf TF Temperature in fuel at Df
ox TEX Core exit temperature
Tin TIN Core inlet temperature
TS TSAV Cladding surface temperature
Tsat TSATAV Saturation temperature
Tw Wall temperature
U | Velocity
UB. UB Average velocity in flow channel
Xn Coordinate in n-direction
y Coordinate normal to wall

33

Axial coordinate

[
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Analysis Symbol Code Symbol Desctiptibn
Zc z2c Axial location of center of
increment
Zm ‘ Axial location of maximum cladding

surface temperature

a Thermal diffusivity

£ Roughness size

€ Eddy diffusivity of heat

Eym Eddy diffusivity of momentum

] Angular coordinate

u VIS Absolute viscosity of water

v Kinematic viécosity of water

p RHP Density of water

o Average fission microscopic
cross sectionv

T .lw,A Shear stress; also time

T, Shear stress at wall

) Neutron flux

superscript -—— Average for calculation increment




- 51 -

5.2 Code Imput

Thé input to the PWR Thermal-Hydraulics Code is intentionally
extremely simple. Only three cards are required; the first lists the
geometrical quantities, the second lists the coolant inlet conditions,
and the third 1ists the parameters that describe the volumetric thermal
source strength distribution in the reactor.

The required input data cards are listed below. The units of each
parameter and their input format are included. Sample input data cards

are shown in Figure 2.

Card 1 —— Geometry

Df (in.) F 10.4
DS (ié.) F 10.4
S (in.) F 10.4
H (in.) F 10.4

Card 2 —— Coolant inlet conditions

G (1bm/hr—ft2) E 10.3

Tin (F) F 10.1

Pin (psia) F 10.1

Card 3 —- Power distribution

1

1, (Btu/hr—ft3) E 10.3
He (in.) F 10.1

Option (pure number) I10

On Card 3 the axial volumetric thermal source strength distribution

through the core is specified. For independent operation of the code

95



Card 3

Card 2

Card 1

/77011505 03 . 6.0 1

0 000 0O 0000000000 000D00D000000001.00000000000000600000009030060000236000CC0C00050009D

1235678 81011120H 15160 0120212220325 2512 767936 31323034 3535 37 3035 40 41 42.43.44 43.46.47 4849505 3253 54 5356 3339 5960 6162364 32 S5 67626870 3 NI N TSR T I8 €8
/r U.250c 07 550.0 2250. 0

2 v ? 2

0,000,00,00000000,0,0000000,9,06C.2060000600000000060000006006000000230606CG50000030n09

823458 33NN RNKHISIENNIS0N233262526 728,333 2132202. 38 2237303940 41 424344 €548 €7 43495051 528358256 57 SH 5860 6362436 6L 6 6TCREI I3 N 12024 28 %5 17 74 25 85
Lo’ - -
( 0.2793 0.4300 0.3200 130.0

2 ? - ]

occe,000000000,000,,0000,000,,000:C00,6,00C0000000000000000000600000MC0C00030203¢C5
13¢50 SN RNES D OH0N2DNB 075 332102530637 302340 414243440 454647 40485055 5250 43856 57 55 5060 6162 60 G S3 R AIGRGA IO N 2 MBI T A EG
AR AN RN A R R RRRERRRRARRRRE B IqlllllIIIIIl’lllllllllllllllllllllIll!]]]llll
222222222222222222222222222227222 222222222“222222222222222222222222222272222222
333331133333333133333333313333333 4333\33333333333333333333333333333333333333331
4444444444444444..444444444444444 ;:1444444444444‘4444444444444444444444444~444‘
565555855, 5555555555555555n555555 550555 55555555555555555555555555555555u4~55.
666556666566666555686666556556655 5GSSSS56865555665668855SESGSESSSGSSSEBSSSSSEES
nmn 7777777777777777777777777 777:77777177777:7777777777777777777777777? 111

88835 888288888 888888888 3 88¢e3¢e. 5088 888883252888838888888888888883888888'8883

COMPUTING CENTER
/IRGINIS TECH

99999989 959999999899999893999989. 999999999999999999995998!99959999“99999 95§
'TIEY) RBINY

939
\' 23480700 0U2RHK VANDNWNDABRAN i Jla!'tollduuﬂﬂﬂGNISSSI‘1515"55!5'12!“55“28154““6”!“70717.71 nENANN /
18 £174N3 .

Figure 2. PWR Thermal-Hydraulics Code Input.
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(Option = 1) a cosine distribution is built into the code and q o and
He are the parameters which indicate its level and period. When the PWR
Thermal-Hydraulics Code is coupled with other codes (Option = 2) the cosine

distribution is over-ridden by the actual power distribution which is

supplied by the main program.

S7
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5.3 CodeéOutEut

Three sets:of,information are printed out. Each is printed under
cdmp¥§teiy explicit bfadings such that there should be no interpretation
difficui?ies. | |

The first set of output information consists of a listing of the
input that was supplied to the code.

The second and main set of cutput is a tabulation of the temperatures,
h, AP, and CHFR for each increment in the core. The temperatures érinted
out are To’ Tl/h’ Tl/Z’ 53/4, Tf, Ts’ TB’ Tsat' From this data,
observations of the maximum fuel and cladding temperatures and their

locations can be .made.

The third set of data reports the core exit pressure and temperature.

38
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5.4 Code Flow Chart

<:EEEEE:>

4

ke (1), k(D)
kB(T), u(T) Functional relations between
variables supplied to code
p(T), CP(T) as polynomials.
Toae ®), m(P)
c()
Y
Input:
Df’ Ds’ §, H, Geometry, inlet coolant
conditions, and power
6, Pin’ Tin distribution supplied
tee to code.
9, He’ Option
y
Output:
Dfs DS’ S, H

Printout of geometry,
G Ti , Pi inlet coolant conditions,
n n and power distribution.

0 e
3

A =st - L p2

£ 4 s Calculation of flow channel

p =TD geometrical parameters.

w 8

D = 4Af/pw

AL = 100 Selection of calculation increment.

59
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Ug = G/o(T, )
UBDe p(Tin) Calculation of permanent pressure
Re = TR loss at inlet and resulting pressure
in at start of active core.
0.2
fcir = 0.184/Re
f S
£ fc:ch f (D_')
circ 8
2
w =g B 2%
F D 2g
e c
2
p (T, )U;
in”"B .
APE K zgc y £ = 0.5
P1 = Pin —.APE --APF
T = T
Bl in Initializing temperature,
Z = - H/2 + AL/2 position, and increment
counter for 1lst increment.
I=1
_ IIZc
q"'""=q''"" cos Calculation of average bulk
(o] H
e temperature of coolant for
- 2,,° increment.
= ree
Tgp = Tpp + 4 HDf/4me(TBlﬁ
TB = (TBl + TBZ)/Z

60
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Uy = G/o(Tp)

B
UgD, P(TB) Calculation of pressure drop
Re = ——/— and average saturation temperature
u(TB) for increment.
0.2
fcirc 0.184/Re
£ £ (S
cire £ D
circ s
= 2
ap_ = £ EL P{Tp)%
F D 2g
e c
P2 = P1 - APF
+
® Pz)/2
Tsat - Tsat: (®)
y
- C (TB) U(TB) Calculation of heat transfer
Pr = £ — coefficient and average cladding
kB(TB) surface temperature fer increment.
Nu = 0.023 Pro'4 Re0'8
circe
- - Nu s
Nu = Nuire Nu (D )
circ s
. Nu kB (TB)
D
e
a"'Dz
= = f
Ts TB + 4 Ds h

Check to see if bulk coolant remains
subcooled. Error message printed
and calculations terminated if bulk
coolant reaches saturation.

Output:
"Net Void
Formation'|

Q (;1
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"Subcooled Boiling

Output:

!

-/

- c(i")(

C-l"'D

4D
8

2
f

m(
__5)

P)

(Tgar ~ TB)

0.22

i |

Qutput:

\'Subcooled Burnout'

T
8

= T
8

N
. + 1.9 (q8 )

0.25 _-P/900

Check to see if subcooled boiling
is possible. If possibility is
detected, a message is printed and
check for subcooled boiling burnout
is initiated. If no boiling is
indicated, pregram proceeds to
calculation of fuel and cladding.
temperature distributions.

Critical heat flux check. If
positive, message and local
conditions printed out and
calculations terminated.

Recalculation of cladding surlace
temperature for subcooled boiling
on surface.
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key = ke (Te)
7
"'D
T, =T+ q16k .
° £1
T, = (T, + T)/2

- 59 -

q"'DZ
Tf =T + 8k £ In =2
S cl f
'1‘c = ('1‘!a + Tf)/2
‘ kcl = kc2

63

Calculation of temperature rise
across cladding. The thermal
conductivity of the cladding is
evaluated at the mean cladding
temperature by an iterative
technique.

Calculation of fuel centerline
temperature. The thermal con-
ductivity of the fuel is eval-
uated at a mean fuel temperature
by an iterative technique.
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qlllDZ
- = f
T 2 T - e Evaluation of fuel temperature
1/4 o 256 kfl at the quarter, half, and three
quarter diameter points.
c-l"'Dz
Ty =T - 64‘E‘f
f1
9 avnﬁ
T =T = ————
3/4 o 256 kgy

Output:
I, 2.5 Tos Ty T1720 T344

Tf, Ts, TB, T h,

Printout of thermal-hydraulic
parameters for increment.

pat’

AP, CHFR

Check to see if entire core has
been calculated

I=I+1

zc = zc + AL e Initializing for next calculation
T . Increment.

31 = Tm2

P! = P2

64
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Tex = TBZ
U = G Calculation of pressure loss in
B p(Tex) gas plenum and downstream rod
' .support region.
UBDe p(Tex)
Re = ———
w(T_)
_ 0.2
fcirc = 0.184/Re
- £ (s
cire £ D
cire s
2
s PP Up
APF = 6f D 2g
e c
2
APE = 3
B
Pex = P2 - APF - APE
Output: Printout of coolant core exit
conditions.
P , T
ex’ “ex
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5.5 .Code Examples

The following two examples demonstrate the use of the PWR Thermal—
Hydraulics Code for calculating the thermal-hydraulic behavior of a
typical PWR.

Example 7.

A PWR core is composed of 0.422 in. diameter fuel rods 12 ft long
and spaced 0.563 in. in a square array. The fuel diameter is 0.3664 in.
The inlet conditions are 543 F and 2250 psia. The average coolant
velocity in the inlet of the core is 13.02 ft/sec. The average fuel
rod produces 5.95 kw/ft. Assume an extrapolation length equal to 5%
of the core height. Determine the magnitudes and locations of the
maximum fuel temperature and the maximum cladding temperature.
Solution.

The mass velocity, extrapolated core height, and peak volumetric

thermal source strength must first be computed from the data given.

(9]
|}

U, = (47.0 1bm/ft3)(l3.02 ft/sec) (3600 sec/hr)

6

2.2 x 10 lbm/hr—ft2

He =H + 2Le = 4§+ 2(0.05H) = 1.10H
= 1.10 (12 ft) = 13.2 ft = 158.4 in.
tey 2P 2 H
q 0 = ave/[He Df sin(MH/Z e)]

2(5.95 kw/ft) (12 £t) (3413 Btu/kw-hr)/{ (13.2 ££)(0.3664 in.)?

(£t/12 in.)% sin[N(12 ££)/2(13.2 ££)]}

66




_63_

= 4.0 x lC7 Btu/hr-ft3.

From the ou:; 't printout of the code (see next five pages) we find
723.3 Fat Z = 0.960 ft

Tclad max

T 1677.6 F at Z = 0.180 ft,
fuel max
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ARRKEX RS X REAPEBEHESRESRRK LK KR

PWR THERMAL HYDRAULICS CODE
AR RS BERRRK kXK R FIRTERTRAK

INPUT DATA

FUEL C.De. CLAD Q.D.
{ INCR } ( INCH )
0.3664 0.4220

- 64 -

ROD PITCH
( INCH )
0.5630

INLET MASS VELOCITY CORE INLET TEMPERATURE

( LB/ZHR-FT*%x2 )
0.2200€ 07

( F)
543.00

VOLUMETRIC THERMAL EXTRAPOLATED HEIGHT

( BTU/HR-FT*%3 )
0.4000c 08

OPTION 1

END OF INPUTYT DATA
Rk R kARG R R R ERRE TR AR E &

AT THE INLET OF THE CORE

CHANNEL AVE. VELOCITY REYNOLDS #

(FT/SEC)H

13.02 413202.1

( INCH )
158.40

ACTIVE CORE LENGTH

{ INCH )
144.00

CORE INLET PRESSURE
( PSIA )
2250.00

FRICTION FACTOR

0.0139

*'****###**#t**##******#***##********t#******#***#***#*##***************1
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NO I-L0C.

T CLAD

1 -5.940
550.6
2 -5.820
552.2
3 -5.700
553.7
4 -5.580
555.3
5 '5.460
556.9
6 -5.340
558.5
7 -5.220
560.1
8 -5.100
561.8
9 -4.980
563.4
-4 860
565.1
"4. 740
566.8
~4.620
568.5
-4, 500
570.1
-4.380
571.8
-4.,260
573.5
~4.140
575.2
-4.020
577.0
-3.900
578.7
-3.780
580.4
-3. 660
582.1
-3.540
583.7
-30420
585.4
23 -3.300
- 587.1

10
11
12
13
14
15
16
17
18
19
20
21
22

T0
T BULK

663.3
543.1
686.3
543.3
709.6
543.5
733.2
543.7
757.0
544 .0
78l.1
544.3
806.8
544.6
831.7
544.9
856.8
545.3
8682.2
545.7
907.8
546.2
933.5
546.6
959.4
547.1
985.5
547.6
1011.6
548.2
1037.8
548.7
1064.1
549.3
1089.5
549.9
1115.6
550.5
1141.7
551.2
1167.6
551.9
1193.4
552.6
1223.0
553.3
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Tl/4
T SAT

660.3

652.6

682.7
652.6
705.4
652.6
7284
652.6
751.6
652.6
775.1
652.6
800.1

" 65246

824.4
652.6
848.8
652.6
873.6
652.6
898.5
652.6
923.5
652.6
948.8
652.6
974.1
652.6
999.6
652.6
1025.1
652.6
1050.7
652.6
1075.4
652.6
1100.9
652.6
" 112662
652.6
1151.5
652.6
1176.6
652.6
1205.4
652.5

5497.1
5497.9
5498.8
5499.9
5501.0
5502.3
5503.7
5505.3
5507.0
5508.7
5510.6
5512.7
5514.8
5517.0
5519. 4
5521.8
5524 .4
5527.0
5529.8
5532.6
5535.5
5538.5

5541.6

69

T1/2

H T COEF

639.0
657.4
675.9
694.7
713.6
732.8
753.1
772.8
792.8
8l2.8
833.1
853.4
873.9
894.5
915.1
935.8
956.4
976.3
996.9
1017.4
1037.8
1058.0

1081.1

DELTA

4.94

4.94

4.94
4.94
4,94
4.94

4495
4.95
%95
4.95
4.95
4.96
4.96
4.96
4.96
4.97
4.97
4.97
4.98
4.98
4.99

4«99

T3/4
P
6C8.7
621.2
633.8
646.5
659.4
672.3
686.0
£99.3
T12.7

726.1

739.7

753.3
T767.0
780.7
7944
808.2
82l.9
834.9
848.5
862.0
875.5
888.8

903.8

TF
CHF RATIO
566.1
0.0
570.5
0.0
574.8
0.0
579.1
0.0
583.4
0.0
587.7
0.0
. 592.0
0.0
596.3
0.0
600.5
0.0
' 604.8
0.0
609.0
0.0
613.2
0.0
617.3
0.0 _
621.5
0.0
625.5
0.0
629.6
0.0
633.6
0.0
636.9
0.0
640.7
0.0
644.5
0.0
648.3
0.0
651.9
0.0
655.5
0.0



24 -3.180
588.8

25 -3.060
590. 4

26 ~2.940
592.1

27 ~2.820
593.7

28 ~-2.700

595.3

29 -2.580
596. 9

30 -2.460
598.5

31 -2.340
60040

32 -2.220
601.6

33 -2.100
603.1

34 -1.980
604+ 6

35 -1.860
606.1

36 -1.740
607.5

37  -1.620
608. 9

38 -1.500
610.3

39 -1.380
611.6

40 -1.260
613.0

41  -1.140
614.3

42 -1.020
615.5

43  -0.900
616.8

44 =0.780
617.9

45 =0.660
619.1

46 =0.540
620.2

47 -0.420
621.3

48 -0.300
622.4

49 -0.180
623.4

50 -0.060
624.3

1248.9
554.0
1274.5
554.8
1299.7
5555
1324.6
556.3
1349.1
557.1
1373.1
557.9
1396.5
558.8
1419.4
559.6
1441.6
560.5
1463.1
561.4
1483.8
562.3
1503.7
563.2
1522.8
564.1
1540.9
565.0
1558.1
565.9
1574.3
566.8
1589.4
567.8
1603.4
568.7
1616.3
569.7
1628.0
570.6
1638.6
571.6
1647.9
572.5
1656.0
573.5
1662.8
574.5
1668.4
575.4
1672.6
576.4
1675.6
577.3
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1230.5
65245
1255.4
65245
1280.0
652.5
1304.2
652.5
1328.0
652.5
1351.4
652.5
1374.2
652.5
1396.4
6525
1418.0
652.5
1438.9
652.5
1459.1
652.5
1478.5
652.5
1497.0
652.5
1514.7
652.5
1531.4
652.5
1547.1
652.5
1561.8
652.5
1575.5
652.5
1588.0
652.5
1599.5
652.5
1609.7
65245
1618.8
652.5
1626.7
6525
1633.4
6525
1638.8
6525
1643.0
652.5
1645.9
652.5

1101.4
5544.8
1121.5
5548.1
1141.3
5551.4
1160.8
5554.8
1179.9
5558.2
1198.7
556l.7
1217.1
556543
1234.9
5568.9
1252.3
5572.5
1269.1
55762
1285.%
5579.9
1300.9
5533.7
1315.9
55875
1330.1
5591.3
1343.5
5595.1
1356.2
5598.9
1368.1
5602.7
1379.1
5606.6
1389.2
5610.4
1398.5
5614.3
1406.8
5618.1
1414.2
5621.9
- 1420.7
5625.7
1425.1
5629.5
1430.6
5633.2
1434.1
5636.9
1436.6
5640.6

70

917.1
4.99
930.2
5.00
943.2
5.00
955.9
5.01 .
968.5
5.01
980.7
5.01
992.7
5.02
1004.4
£.02
1015.7
5.03
1026.7
5.03
1037.3
5.04
1047.5
5.04
1057.2
5.05
1066.5
5.06
1075.4
5.06
1083.7
5.07
1091.5
5.07
1098.7
5.08
1105.5
5.08
’ 1111.6
5.09
1117.2
5.10
1122.1
5.10
1126.5
5.11
1130.2
5.11
1133.4
5.12
- 1135.9
5.13
1137.7
5.13

C.0
0.0
0.0
0.0
0.0
0.0

0.0

0.0

0.0

0.0

659.0
662.5
665.9
669.2
672.4
675.6
678.6
68l .6
684.5
687.3
690.0
692 .€
695.¢
697.¢
699.¢
T702.1
T04.2
T06.2
T708.1
T09.9
T11.¢€
T13.¢
Tl4.0
T164(
T17.:2
T18.4

T19.¢



51  0.060
625.3
0.180
626.1
0.300
62740
0.%20
627.8
0.540
628.5
0.660
629.3
0.780
629.9
0.900
630.5
1.020
631.1
1.140
631.7
1.260
632.2
1.380
632.6
1.500
633.0
1.620
633.4
1.740
633.7
1.860
633.9
1.980
634.1
2190
634.3
2.220
63444
2.340
634.5
24460
634.5
2.580
634.5
2.700
634.4
2.820
634.3
2.940
63402
3.060
63440
3.180
633.7

52
53
54
55
56
57
50
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

17

1677.3
578.3
1677.6
579.2
1676.7
580.2
1674.4
S58le.l
1670.9
582.1
1666.0
583.0
1659.9
563 .9
1652.6
584.8
1644.0
585.8
1634.1
586.7
1623.1
587 .6
1611.0
588.4
1597.7
589.3
1583.3
590.2
1567.9
591.90
1551.5
591.8
1534.1
592.7
1515.7
593.5
1496.5
594.3
14765
595.0
14 5.7
595.8
1434.2
596 .5
1412.0
597.3
1389.2
598.0
1365.9
598.7
1342.0
599.3
1317.7
600.0
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1647.5
652.5
161:7. 9
652.5
1547.0
652.5
1644.8
652.5
164l.4
'.’)52. 5
1636.7
652.5
1630.8
652.5
1623.7
652.5
1615.3
652.5
1605.8
652.5
1595.1
652.5
1583.4
652.5
1570.5
65245
1556.5
652.5
1541.5
652.5
1525.6
652.5
1508.7
6524
1490.9
652.4
i472.3
652.4
1452.8
652.4
1432.6
652.4
1411.7
652.4
1390.2
652.4
- 13é68.1
652.4
1345.4
652.4
1322.2
652.4
1298.6
652.4

564443
564748
56514
565449
565844
5661.8
L565.1
56684
5671.7
56748
56779
5680.9
5663.9
568648
5689.6
5692 .4
5695.0
5697.6
5700.2
5702.6
5705.0
5737.3
5709.5
5711.6
5713.7
5715.6

57T17.5

1438.0
1438.5
1437.9
1436.4
1433.8
1430.3
1425.8
1420.3
1413.8
1 +06.4
1398.1
1388.9
1378.8
1367.68
1356.1
1343.5
1330.2
13,662
1301.5
1286.2
1270.2
1253.7
122646
1219.1
1201.1
1182.8

1164.0

5.14
515
5.15
5.16
5.16

5.17

5.19
5.20
5.20
5.21
5.21
5.22
5.23
5.23
5.24
5.24
5.25
5.26
5.26
5.27
5.27
5.28
5.28
5.29

5.29

1129.0
1139.6
1139.5
1138.9
1137.5
1135.6
1135.0
1129.9
1126.1
1121;7
1116.7
1111.2
1105.1
1098.4
1091.3
+083.6
1075.4
1066.8
1057.7
1048.2
1038.3
1028.1
1017.4
1006.5

995.2

983.7

971.9

720.3
721.1
7217
T22.3
T22.7
723.0
723.2
723.3
723.3
723.1
722.8
722.4
721.9
721.3
720.6
719.7
T18.7
T17.6
716.5
7i5.1
713.7
T12.2
710.5
708.8
706.9
705.0

T02.9



78 3.300
633.4
3.420
633.1
3.540
632.7
3.660
632.3
3.780
631l.8
3.900
631.3
4.020
630.7
40140
630.1
4.260
629.5
4.380
628.8
4.500
628.0
4.620
627.3
4.740

79
80
8l
82
83
84
85
86
87
88
89
90

626.% >
91 h.860
625. 6% %
92 <980
624.8
5.100
623.8
5.220
622.9
54340
621.9
54460
620.9
5.580
619. 8
5.700
618.7
5.820
617.6
54940
616.5

93
94
95
96
97
98
99

100

1293.0
600.6
1264.0
601.3
1239.2
601.9
1214.1
602 .4
1188.7
603.0
116440
603.5
1138.2
604 .0
1112.3
6045
1086.4
605.0
1060.4
605.5
1034.5
605.9
1008.6
606.3 °
“982.8
606.7
-~ 95741
607.0 -
931.5
607 .4
906.1
607.7
880.8
608.0.
855.8
608 .3
830.1
608.5
805.9
608.7
781.8
608.9
757.9
609.1
734.3
609.2

1274.6
652.4
1246.4
652.4
1222.3
652.4
1197.9
652.4
1173.2
652.4
1149.2
652.4
1124.1
652.4
1099.0

652.4

1073.8
652.4
1048.5
652.4
1023.3
652.4
998.1
652.4
973.0
652.4
948.0
652.4
923.1
652.4
898.3
652.4
873.8
652.4
849.4
652.4
824.4
652.4
800.8
652.4
777.3
652.4
T54.1
652.4
731l.1
652.4

5719.4
5721.1
5722.8
ST244
572549
5727.4
5728.8
5730.1
5731.3
5732.5
5733.6
573446
5735.6
573645
5737.3
5738.1
5738.8
573944
574040
5740.6
5741.0
5741.4

5741.8

1144.9
1122.7
1103.4
1084.0
1064.3
1045.2
1025.2
1005.1
98449
9647
9444
924.2
904.0
883.9
863.9
844.0
824.2
804.5
784.3
765.2
74642
727.3

708.6

5.30
5.30
5.31
5:31
5.32
5.32
5.33
5.33

5.33

5.34
5.34
5.35
5.35
5.35
5.36
5.36
5.36

5.36

5.37
5.37

5.37

959.9
945.9
933.7
R21l.4
908.8
896.8
884.0
871.1
858.1
845.0
831.9
818.8
805.6
792.5
779.4
766.3
753.3
740.3
727.0
714.3
701 .6
689.0

676.5

0.0

0.0

0.0

700.8
698.5
696.1
693.7
691.1
689.1
686.3
683.4
680.5
677.4
674.3
671.1
667.9
664 .5
661.1
657.6
654.1
650.5
646.
643.1
639.3
635.5

631.¢

EXIT PRESSURE EXIT TEMPERATURE

2244.8 609.3

POWER PER UNIT LENGTH (KW/FT) 5.95

ERIC 72
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Example 8.

The effect of oversized cladding on PWR thermal-hydraulic performance
is to be studied. Consider the PWR described in Example 7 but with an
outer cladding diameter of 0.500 in. (instead of 0.422 in.). Compare the
following thermal-hydraulic parameters for the "oversized cladding" and
"normal" flow channels:

a. Location and magnitude of maximum fuel temperature

b. Location and magnitude of maximum cladding temperature

c. Exit water temperature.

Solution.

Each flow channel in the fuel assembly wil. experience the same
pressure drop. The "oversized cladding" flow channel will have a smaller
equivalent diameter and hence will pass less flow for the same pressure
loss (as shown in Example 5). To assure approximately the same pressure
loss as in the "normal' channels the mass velocity of the "oversized
cladding" channel must be adjusted. The equivalent diameters are computed
first.

"Normal" channel:

2 _ n.2

Ag = S 2D’
= (0.563)2 —% (0.422)2
= 0.1771 in.>

P, = HDS = 11(0.422)
= 1.327 1in.

De = 4 Af/pw

72
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= 4 (0.1771)/1.327
= 0,534 in.
"Oversized cladding" channel:
A =sz-%-1)§
- 5692 - ¥ (0.500)%
= 0.1206 in.z
p_ = ID_ = 1(0.500)
= 1.571 in.
D = 4 Af/De

= 4(0.1206)/1.571

0.307 in.

From the results of Example 5,

- 2/3
Goc GN(Deoc/DeN)

- 5.2 x 10° (0.307/0.538)%/3

The input to the PWR Thermal-Hydraulics Code is the same.as that
for Example 7 except for the new value of G computed above and the
oversized Ds' From the code (printout next seven pages) the following

results are obtained:
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Bk e Aok 4 oo dk ok oK ok ok ook ko ko ek ok oK

PWR THERMAL HYDRAULICS CODE
RRERRKGRK SRR ERREKERE KRR RRRRER

INPUT DATA
FUEL 0.D. CLAD 0.D. ROD PITCH ACTIVE CORE LENGTH

{ INCH ) ( INCH ) ( INCH ) , ¢ INCH )

0.3664 0.5000 0.5630 144.00

INLET MASS VELOCITY CORE INLET TEMPERATURE CORE INLET PRESSURE

( LB/HR-FT*%*2 ) t F) { PSIA )}
U« 1520E 07 543.00 2250.00

VOLUMETRIC THERMAL EXTRAPOLATED HEIGHT

 BTU/HR-FT*%3 ) ( INCH }

0.4000t 08 158.40

OPTION 1

END OF INPUT DATA
RRRERERRRERERCRKE R RE R R KRR KK

AT THE INLET OF THE CORE

CHANNEL AVE. VELOCITY REYNOLDS # FRICTION FACTOR

(FT/SEC)
8.99 164104.4 0.0167

Aot e o 36 ek ek o ol s o 3k e o ek 26 o X e ok skl ool o ool ol ok e ek o ol o ok e o ok ok ok e ool ook ok ok ok K




TO0
T BULK

684.9
543 .2
712.3
543.6
740.2
544 .0
768.5
544 .5
- 196.6
545 .1
825.5
5457
856 .4
546 .4
886.4
547.1
9l6.9
547 .9

947.7

548.8
978 .9
549.7
1010.4
550.7
1042.1
551.7
1074.2
552.8
1106.4
553.9
1138.8
555.1
1171.4
55643
1204.0
557 .6
1236.6
558.9
1269.3
5602
1301.8
1334.3
563.1

T1l/4
T SAT H

68l.8
652.6
708.7
652.6
735.9
652.6
763.6
652.6
791.0
652.6
819.3
65246
B849.4
652.6
878.8
652.6
908.6
652.6
938.7
652.6
969.1
65250
999.9
652.6
1030.9
652.6
106243
80226
1093.6
652.6
1125.2
652.6
11570
652.6
1188.8
652.95
1220.7
652.6
1252.5
652.6
1284.3
65205
1315.9
652.46

Tl/2
T COEF

660.2

3993.5
682.8

3994.7
T705.7

3996.1
729.0

3997.7
751.9

3999.5
175.6

4001.5
800.7

4003.7
825.2

4006.1
850.0

4008.6
875.1

4011.3
900.4

4014.2
925.9

%017.3
951.6

4020.5
977.5

4023.9
100306

4027.4
1029.7

4031.1"
1055.9

4034 .9
1082.2

4038.9
1108.5

4062.9
1134.7

4047.1
1160.8

40514
1186.8

4055. 8
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DELTA

4.31
4.31
4.31
4.32
4.32
4.32
4.32
4.33
4.33
4e34
4.34
4.34
4e35
4.35
4236
4.36
4237
4.38
4.38
4e39
4.40

4.40

T3/4
<]

629.3
645.8
662.6
679.5
696.0
713.1
731.1
748.6
166.4
784.2
802.2
820.3
838.5
856.7
875.0
893.3
9117
930.0
948.3
966 .5

984.6

1002.5

TF
CHF RATID
586.1
0.0
594.1
0.0
602.23
0.0 :
610.3
000 ;
617.8'
0.0 i
625.7
0.0
633.C
0.0
6Gles;
0.0 |
&49v3
0.0
H% Vel
0.0
664. 8
0.0 ‘
6. a5
C.0
680.1
0.0 |
68T«5H
0.0
585, 1
0.0
70204
CaQ
709.7
0(‘10
716.9
0.0
724.0
Q.0
730.9
Se0
737.8
0.0
744.5
0.0
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23 -3.300 1371.3 1352.0
603.5 56445 65246

24 -3.180 1403.9 1363.8
606.1 566.1 652.6

25 -3.060 143641 1415.2
608.6 567.6 652.6

26 =-2.940 1468.0 1446.3
6l11l.2 569.2 652.6

27 -2 820 1499.4 1476.9
613.8 570.8 652.6

28 -2.700 1530.2 1507.0
616.3 572.4 652.6
618.8 5741 652.6
62l.4 575.8 652.6
623.9 577.5 652.6
626.4 579.3 652.6

33 ~-2.100 1673.5 1646.7
628.8 581.0 652.6

34 -1.980 1699.5 1672.0
631.3 582.8 652.5

35 -1.860 17244 1696.2
633.7 584 .6 652.5

36 -1l.740 1748.1 1719.4
636.1 586.4 652.5
638.5 588.2 652.5

38 =-1.500 1792.0 1762.2
640.8 590.0 652.5

39 -1.380 1812.1) 1781.7
643.1 591.9 652.5

40 -1.260 1830.8 1800.0
645.4 593.7 55245

41 -1l.140 1848.2 1816.9
647.6 595.6 652.5

42 ~-1l.020 1864.2 1832.5
649.8 597 .4 652.5

43 =-0.900 1878.7 i846.8
651.9 599.3 652.5

SUBCOOLED BOILING

44 -0.780 1894.8 1862.5

655.9 60l.1 652.5

SUBCOULED BOILING

4060.3
4064.8
4069.4
4074.1
4078.6
4083.6
4088.3
4093.1
4097.9
4102.7
41G7.5
4112.2
4l116.9
4121.6
4126.2
4130.7
4135.1
4139.4
4143.7
4147.8

4151.8

4015.2

1216.3
1242.3
1268.1

1293.5

1318.6

1343.2
1367.3
1390.9
1413.8
1436.0
1457.5
1478.2
1498.1
1517.1
1535.1
1552.1
1568.2
1583.2
1597.2
1610.0

l1621.8

1635.0

1022.5
4.41
1040.4
4e42
1058.0
4.43
1075.5
4.44
1092.6
bbb
1109.5
4.45
1125.9
446
1142.0
4.47
1157.7
4.48
1172.8
4e49
1187.5
4.50
1201.7
4.51
1215.2
4.52
1228.2
4.53
1240.6
4.55
1252.3
4.56 ,
1263.4
4.57
12737
4.58
1283 .4
4.59
1292.4
4.61
1300.6
4.62

1310.3
4.63

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

751.1
757.6
T164.0
770.2
776.3
782¢2
788.0
793.6
799.0
804.3
809.5
8l4.4
819.2
823.8
828.3
832.5
836.6
840.5
844.1
847.6

850.9

855.8
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655.9 603.0 652.5 4176.3

"SUBCOOLED BOILING

46 -0.540 1910.2 1877.5 1647.1

655.9 604.8 652.5 4345.4

SUBCUOOLED BOILING

47 -0.420 1915.9 1883.0 - 1651.4

655.9 606 .7 652.5 4523.1

SUBCOOLED BOILING

48 -0.300 1920.1 " 1887.1 1654.7

655.9 608.5 652.5 4710.3

SUBCOOLED BOILING

49 -0.180 1922.9 1889.8 1656.9

655.9 610.4 652.5 4907.8

SUBCOOLED BOILING

50 -0.060 1924.3 1891.2 1658.0

655.9 612.2 652.5 5116.7

SUBCOOLED BOILING

51 0.060 1924.3 1891.2 1658.0

655.9 614.0 652.5 5338.1
SUBCOOLED BOILING

52 0.180 1922.9 1889.8 1656.9

655.9 615.8 652.5 5573.5

SUBCOOLED BOILING

53 0.300 1920.1 1887.1 1654.7

655.9 617.6 652.5 5824.1

SUBCOOLED BOILING

54 0.420 1915.8 1882.9 1651.4

655.9 619.4 652.5 6092.1

SUBCOOLED BOILING

78

1314.5
4.64

1320.9

4.67

1323.0
4.68

1324.4
4.70

1325.1

1323.0
4.75

1320.9
%.76

0.18

0.19

0.19

0.19

0.196

0.20

0.20

85647

857.5

8658.1

858.6

858.9

859.1

859.1

858.9

858.6

858.1




55
655.9

56
655.9

57
655.9

58
655.9

59
655.9

60 l.

655.9

61
655.9

62
655.8

63
655.8

64
655.8

O.

Oe

0.

0.

le

l.

l.

la

l.

540 1910.2
621.1 652.
SUBCOGLED BOILING
660 1903.2
622.8 052.
SUBCOOLED BOILING
780 1894.7
624.6 652.
SUBCOOLED BOILING
900 1884.9
62643 652.
SUBCOOLED BOILING
020 1873.8
627.9 652.
SUBCOOLED BOILING
140 1861.3
629.6 652.
SUBCOULED BNILING
260 1847.5
631.2 652
SUBCOOLED BUILING
,380 1832.3
632.8 652.
SUBCOOLED BOILING
500 1816.0
63444 652.
SUBCOULED BOILING
620 1798.3
63640 652.

SUBCOOLED BOILING
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1877.5
5 6379.3

1647.0

1870.6
5 6688.2

1641.5

1862<4

. 1635.0
5 7021.8

1852.9
5 7383.5

1627.4

1842.0
5 T777.3

l618.7

1829.9
5 8208.2

1608.9

18l6.4
5 8682.7

1598.2

1801.7
5 9207.8

1586.4

1785.8
5 9793.3

1573.6

1768.7
5 10451.2

1559.9

1314.5
4.79

1310.3
4.81

1305.4
4.82

1299.8
4.83

1293.5

1286.6

1279.0
4.87

1270.7
4.89

1261.9
4.90

0.20

0.20

0.20

0.21

0.21

0.21

0.21

0.21

8575

856.7

855.7

854.6

853.3

851.9

850.3

848.6

846.6

844.6



65 l.

655.8

66 l.

 655.8

67 1.

655.8

68 2.

655.8

69 2.

655. 8

" 70 2.

655.7

71 2.

655.7

72 2.

655.7

73 2.

655.7
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740 1779.5 1750.4
637.5 652.5 11196.7
SUBCOOLED BOILING
860 1759.5 1730.9
639.0 652.5 12050.6
SUBCOOLED BOILING
980 1738.4 1710.4
640.5 652.5 13039.4
SUBCOOLED BOILING
100 1716.3 1688.9
64149 652.5 14200.1
SUBCOOLED BOILING
220 1693.1 1666.3
643.4 652.5  15585.5
SUBCOOLED BOILING
340  1668.9 1642.8
644 o7 652.5 17270.8
SUBCUOLED BOILING
460 164349 1618.4
646.1 652.5 19370.3
SUBCOOLED BOILING
580 1618.0 1593.2
647.4 652.5 - 22064.8
SUBCOOLED BOILING
700 1591.3 1567.3
64847 652.5  25658.2
SUBCUOLED BOILING
80

1545.2

1529.7

1513.2

1495.9

1477.8

1459.C

1439.4

1419.2

1298.3

4.92

4.93

4.94

4.96

4.97

4.98

5.00

5.01

5.02

1252.4

1242.3

1231.7

1220.5

1208.8

1196.6

1183.9

1170.7

1157.1

0.22

0.22

0.22

0.23

0.24

0.25

0.26

842.4

840.0

837.5

834.9'

832.1

829.1I

826.1

822.8'

819.5
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74 2.820 1563.9 1540.6 1376.9
655.7 650.0 65245 30707.1

SUBCOOLED BOILING

75 2.940 1535.8 1513.3 1355.0
655.6 651.2 652.5 38341.8

NET VOID FORMATION

81

5.03

5.05

1143.2

1128.9

0.28

0.31

81640

8l12.4
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1. Subcooled (surface) boiling begins in the coolant channel
at Z = -0.780 ft; i.e., about 3/4 foo“ upstream of the center
of the core. No boiling was observed for the normal channel.

2. The coolant bulk temperature exceeds the local saturation
temperature at about 3 ft past the center of the core. The
calculations were terminated at this point since this is an
improper operating condition for the PWR. The reason for the
observed behavior is that the "oversized cladding" coolant
channel is flow starved and can not remove the energy supplied
to it by the fuel without boiling.

3. The maximum fuel temperature is 1924.3 F and occurs at the
center of the core. This compares to the 1677.6 F at Z =
0.180 ft for normal core operation.

4. The maximum cladding temperature cbserved was 859.1 F and also
occurred near the center of the core. This compares to 723.3 F

at Z = 0.960 ft for normal operation.
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5.6 Listing of Code

C

C

C

Comeommmme VP1 PWR THERMAL HYDRAULICS CGDE.

C

C

C
INTEGER P
REAL KEUsKCLyKBC oMy HUCTRC e NUsMDCToKCLL yKCL2yKFUL,KFU?

"

C TEMPEPATURE DEPENDEMT OROPERTIES,

C :
KEU(T)=0.61C21EL1-Qe46365E-2%T+0.13063F-5%T%%2
KCL(T)=0e53643E1+0.23214E-2%T
K8C(T)=0e1171140e1391CE-2%T~0.18102E~5xT%x%2
VIS(T)=0.85067-0417501E~2%T+0.11420E~5*T%%x2
FHO(T)=0e5778E2+0.28018E~1%T~0,88346E~4%xT#%2
CP{T)=0.4T08B8BEL1~0.15753E-1*T+0.17233E=4*T*%2

C

C SATURATION TEMPERATURE AS FUNCTION OF PRESSURE.

C
TSAT(P)=0,45602E3+0.11033%P~0,10199E=4%P#%x2

C .

C PRESSURE DEPENDENT ®CONSTANTS"™ FCR EQUATION N-64.

C
MIP)=0o4RB141E~140.224T1E=3%P+0.83018E~9%P**2
C(P)=+0.11312E1-0,78004E-3*P+0.33119E~6%Px%2-0, 56355E 10%P%%3

C

C READING INPUT DATA.

C

READ(5,5)DFU,DCL,4SyH
S FORMAT(3F10.4+F10.1)
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SO0

OO0

READ(S,10)GINyTIN,PIN
10 FORMAT(E10.3,2F10.1)

READ(5,15)QTPOyHE,CP .
15 FORMAT(E10.3,F10.1,110)

PRINTQUT OF INPUT DATA.

“RITE(6,20)

20 FURMAT(1HL g L1Xytteorekeknkkietinkhht ok ahkhhkkthk? / IX 'PWR THERMAL HY
<DRAULICS conev,/,gx,v********ﬂ**~*****************',// 3Xy, *INPUT >
<ATA's//)

WRITF(6,25)DFUDCL,yS,H
25 FUORMET(S5Xy "FUEL CeDe? 96Xy 'CLAD CeDa'yEXy?2CD PITCH? ,6X4*ACTIVE COR

CE " TCTHY /93X " U INCH 17Xy ( INCH D'y TX,*( INCH )',12Xy*( INCH
< . . f;4X,F6a4.9X.F6.4.9X.F6.4:14X.F6.2./)
v o< 62 35)GIN, TIN,PIN

33 F. o {3RyVINLET MASS VELAOCITY'y3Xy*CNRE INLET TEMPERATURE?',3X,'CO

KRE INLET PRESSURE®/y5Xy?( LB/HP=FT*%2 )? ,13X,'( F )?,15%X,¢( PSI
<A J ' e /9vTX9ELlLlea@ 914Xy FTo2431TX9FTe24/)
WRITE(6:35)QTPO,HE
35 FORMAT(3X, *VOLUMETRIC THERMAL' ,4X,"EXTRAPOLATED HE!GHT'!/!QX"( ET
CU/HR=FT%%3 )',11X,"( INCH )" 4/ ¢6XyELlLle4y15XyF6.24//)
WRITE{6+40)0P
40 FORMAT(19X,*OPTION®3Xy129///43%Xy*'E ND OF I NPUT DATA"Y,
C/ 93Xy Ve kR ok Rk bk R Kk Rk RAEY /7] )

1

CONVERTING INCHES TO FEET.

DFU=DFU/12.0

$=S/12.0 :

DCL=DCL/12.0 R4
H=H/12 .0




OO0 OO0 OO0

OO0

HE=HE/12.0
PI=3.14159

GECMETRY CALCULATIONS.
AFL=S*%2 ,0-PI*DCL**2,0/449

PW=PI*0DCL
DEQ=4.0%AFL/Py

SRAT=S/DCL

RATIC CF ACTUAL FRICTION FACTOR COF C3OLANT CHANNEL TO CIRCU
TUBE FRICTION FACTOR.

FRAT==3.4751+8.0528%SRAT~4.T04T*SPRAT*%2+40,91621 *SRAT %3
MASS FLOW RATE CALCULATION.
MDOT=GIN*AFL
SELECTION OF AXIAL CALCULATICN INCREMENT.
DELL=H/100.0
CALCULATION OF PRESSURE LNSS AT INLET OF CORE.
UB=GIN/RHC(TIN)/3600.0
RE=UB*DEQ*RHO(TIN)/VIS(TIN)*360C.0
FCIRC=0.184/RE**0.2
F=FCIRC*FRAT

DELPF=F*DELL*RHO(TIN)*UB**2/DEQ/2.0/32.2
DELPE=0+5%RHO(TIN)*UBX%%*2/2.,0/32.2
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OO0

OO0

OO0
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2]

CALCULATION DF CONDITIONS AT BEGINNING OF FIRST INCREMENT.

PLl=PIN-(DELPF+DELPE}/144.0

TB1=TIN
I=1
CHAFR=0.0

CALCULATION OF AXIAL COORDINATE OF CENTER OF FIRST INCREMENT.
ZC:-"'H,?. +U+DELL/2.0
CALCULATION OF AVERAGE BULK TEMPERATURE FOR INCREMENT.

WRITE{0s42)
42 FORMAT(5X,'AT THE INLET OF THE TDRE"4//)
WRITE(6+45)UByREyFCIRC

45 FORMAT(1Xy*CHANNEL AVE. VELCCITY 'y2X,'REYNOLDS #',3X,'FRICTION FA

KCTOR® 3/ 9y TXe " (FT/SEC)® 97 9BX9Fb6a2912X9FBel98X9FTetty//)
WRITE(64950)

50 FORMAT(l*****#***************************t**tt*****************t*t
Rk ki hk gk fok kR Rk Rk kR kR KRRk Rk kR Rk kR kR ko Rk
<kxk%ty///)

WRITE(6455)

55 FORMAT(3X,y'NO® 93Xy 'Z-LOC" 16Xy 'TO 97Xy "TL/4" 96Xy *T1/2%96Xs'T3/4%,7
Xy ' TFY 46Xy 'T CLAD"94X9'T BULK®y5Xy*T SAT'y3Xy'H T COEF'y4X,'DELTA
<P®,3Xy'CHF RATID'4/) .

60 QTPAV=QTPO*COS(PI*ZC/HE)

TB2= TBt+QTPAV*PI*DFU**2*DELLI#.OIMDOTICP(TBI)
TBAV=(TB1+782)/2.0

CALCULATION OF PRESSURE DRAOP AND AVERAGE PRESSURE FOR INCREMENT
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55
70

UB=GIN/RHD(TBAV)/3600.0
RE=UB*DEQ*RHC(TBAV)/VIS(TBAV)*3600.0
FCIRC=0.184/RF**O.Z

F=FCIRC%FRAT
DELPF=F*DELL*RHO(TBAV)*UB**2,0/DCQ/2.0/32.2
P2=P1-DELPF/144.0

PAV=(P1+P2) /2.0

CALCULATION OF AVERAGE SATURATION TEMPEKATURE FOR INCREMENT.
TSATAV=TSAT(PAV)

CALCULATION OF HEAT TRANSFFR CCEFFICIENT FOR INCREMENY.
PR=CP(TBAV)*VIS(TBAV)/KBC(TBAV)
NUCIRC=0,023*%PR&*],4%RE*x*0,8
NU=NUCIRC*FRAT
HTC=NU*KBC(TBAV)/DEQ

CALCULATION OF TEMPERATURE AT CGUTSIDE SURFACE OF CLADDING FOR
INCREMENT.

TSAV=TBAV+QTPAVXDFU*%*2,0/40/DCL/HTC

CHECK FOP ®NSSIBILITY OF NET VCID FORMAT(ON. IF DETECTED, "NE
VOID FORMATION® PRIMTED CUT AND CALCULATIONS TERMINATED,

IF(TB2-TSATAV)75,65465

WRITE(6,70)

FORMAT(/410X,* NET VSIND FORMATION',//)
GO TN 180
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[N e

75
80

85

11Q

CHECK FGR POSSIBILITY NF SURFACF 30OILING. IF DETECTED, "SUB=-
COCLED BNILING' PRINTED OUT AND BOILING BURNOUT CHECK INITIATED

IF(TSAV-TSATAV)115,80,80
WRITE(5,35)
FORMAT(/410Xy* SURCOOLZED BLILIANG',/)

CALCULATIUN (F CPITICAL - HEAT FLUX KATIO.

CHF=C(PAV)*(GIN/LC 0*%6)**M(PAV)* (TSATAV-TBAV)*%0.22%104. 0% %5
SHFAV=QTPAVEDFUX%*2 .1 /447 /7CL
CHFR=SHFAV/CHF

CHECK FOR HDILIMG B8UPNOUT. IF DETECTED, ®SUBCOOLED RURNJUTY
PEINTED QUT AND CALCULATIONS TCRMINATED.

IF(SHFAV=-CHF}110, 90,90

WRITE(6,95)

FORMAT(/,10Xs' SUBCGOLED BURNOUT',/)
RRITE(64170) :
FORMAT(L1OX ¢ *CHF ' 20X, *SHF?,4/ )
wRITE(64105)CHFy SHFAV
FORMAT(6X9ELUe396XyE1063)

G 1O 180

‘RECALCULATION CF TEMPERATURF AT QUTSIDE OF SURFACE CLADGING AND
HEATY TRANSFEP COEFFICIENT FOR SUBCOCLED BOILING CASES.

TSAV=TSATAV+1.9*SHFAV**O.ZS*EXP(-PAV/9OO.0)
HTC=SHFAV/(TSAV=-TBAV)

CALCULATION OF TEMPERATUFF AT CUTSIDE SURFACE OF FUEL FOR M-
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115
120

225

Lac
135

149

145

CREMFNT. DETERMINED BY ACDinG TEMPERATURE RISE ACRISS CLADDING
T TEMPEFATURF AT OUTSIDE SURFACE OF CLADDING. AN ITERATION
TECHNIQUE IS USED TC OBTAIN THE CLADDING THERMAL CONDULTIVITY
TO WITHIN 1%. :

KCL1=KCL(TSAV)

TF=TSAV+QTPAVXDFU=%2 ,0/8.0/KCLL%*ALOG(DCL/NFU)
TCLAV=(TSAV+TF)/2.0

KCL2=KCL(TCLAV)

ERR=ABS{(KCLI-KCL2)/KCL2)
IF(ERR-0.010)130,130,125

KCL1=KCLZ

GU TG 120

CALCULATIUN CF TEMPERATURE AT CENTéR (GF FUEL FGR INCREMENT. AN
ITERATIOMN TECHNIQUE IS USED TC OBRTAIN FUEL THERMAL CIONDUCTIVITY
WITHIN 1%.

“ S JL=KFU{TF)
TO=TF+QTPAVEDFU**2,0/16 .0/KFU1
TFAV={TF+T0)/2.0
KFU2=KFU(TFAV)
ERR=ARS((KFUl-KFU2}/2.0C)
iFIERR-0.010)1454145,140
KFiJ1=KFU2

Gl TD 135

CALCULATION OF FUEL TEMDERATUPE AT 1/4, 112. AND 3/4 FUEL RADII
FOP INCREMENT.

TLl4=TL=QTPAYXDFU*%2,2/16.0/KFUL/16.0
T12=TC-aTPAV*DFU#*2,0/16.0/KFU1/4.0
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[aNaXR

OO0

OO0

[aNeNe

3

Y O

153

15%

160

T34=TO~NTPAY=TCFURT 2,0/ 163/ TUL1/10e0%940
PRINTOUT OF RESULT FOR CALCULATICYN INCREMENT.,

wWRITAF(O915U)T o ZCaTOsTL9T12, T34y TFTSAV,TBAV,TSATAV,,HTC,CELPF,CHFR
FORMAT(1IXy13,F1Cu3y9F1041¢4XyFGa296X4Fba2)

CHFCK TO SFF IF CALLULATIONS HAVE BREEN COMPLETED FGOR ENTIRE
COrPE,

IF(I-1J0)155,160s160
SFYTING CO! DITICKS Frr GEGINGLING UF MEXT CALCULATIMNN INCREME'T.
I=1+1
1n=7C+1ELL
131=T82
tl=pP2
TRAMSSERFING TC START CALCULATIOMS FOR NEXT INCREMENT,
Cu T AC
CALCULATIOM ¢ EXIT PRESSURE L0SS .
UR=U I N/BHO(TY21/3600.0
RE2UINUEQ#RA0(TH2)/VIS(T32)%360C.C
FCIRC=0e1 64 /REXH( 42 '
F=FCIRC*FRAY v

DELPF=F*DELL*RHO{TB2)*UB*t2/DEQ/2¢0/32e2%64. 0
CELPE=RHMTR2)RYR%%2/2,0/32.2
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79

75
50

CALCULATICN OF CORE EXIT CGMRITICNS OF COOLANT.

PEX=P2~(NELPF+DELPE)/144%.0
TEX=TB2

PRINTOUT OF CORE EXIT COCLANT CONDITIONS,

WRITE(€y165)

FORMAT(// 410Xy *EXIT PRESSIPE®" 410X *EXIT TEMPERATURE®,/)
WRITE(64170)PEX,TEX

FORMAT(13X,Fbely18XyFbel)

CALCULATION CF AVERAGE POWER GF FUEL ROD IN KW/FT,
PRINTIUT OF AVERAGE PAOWEP,

POVL=QTPOSHEXDFU*%2/2.C*SIN(PI#H/2.0/HE) /H
POVL=POVL/3412

WRITE(65175)POVL

FORMAT(//45Xy* POWER PER UNIT LENGTH (KW/ET) " yF6.2¢//
STUP

END
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Problems

By performing en energy balance on a differential element with sides
dx, dy, and dz, derive the steady state heat conduction equation in
Cartesian coordinates.

Derive the steady state heat conduction equation in cylindrical
coordinates. .

Develop an expression for the temperature distribution in a long, thin,
hollow cylindrical fuel element with inner radius ry, outer radius Ty
and volumetric thermal source strength q'''. Assume that the inner
surface is insulated and at temperature Ti'

A long, thin, hollow cylindrical fuel element with volumetric thermal
source strength q''' is cooled on both the inner and outer surfaces

. ryand r = r_ surfaces) such that the surface temperatures are
T, and T,, respecgively. Derive an expression for the location of
tke maximum temperature in the fuel.

Calculate the ratio of peak power to avarage power for a fuel rod of
constant cross section assuming that the volumetric thermal source
strength varies as q''' = qo"' cos (NZ/H.) and that the extrapolation
length is 107 of the core height. Compare this ratio to that for the
case where the extrapolation length is assumed to be zero.

Show that for a cylindrical shell without internal heat generation the
use of an average constant thermal conductivity evaluated at the
arithmetic mean of the iuner and outer surface temperatures is
equivalent to a linear variation of thermal conductivity with
temperature.

A PWR fuel rod consists of 0.500 in. diameter UO, fuel pellets in a
0.500 in. ID, 0.600 in. OD tube of Zircaloy 2 cladding. The heat
transfer aoefficient at the outer surface of the fuel rod is 5000
Btu/hr-ft“~F. The thermal conductivities of the fuel and cladding
are 1.95 Btu/hr-ft-F and 8.0 Btu/hr-ft-F, respectively. The coolant
bulk temperature is 550 F and the volumetric thermal source strength
is 1.2 x 108 Btu/hr-ft?. Determine the maximum fuel temperature and
the maximum cladding temperature.

Same as Problem 7 except the ID of the cladding is 0.540 in. The
0.040 in. diametrical gap between the fuel and cladding is filled with
helium gas. Assuming that the heat transfer through the helium is by
molecular conduction only ( = 0.140 Btu/hr-ft-F) determine the
maximum fuel and cladding tem%eracure.

A ten foot long PWR fuel assembly contains 0.520 in. OD fuel rods
spaced 0.680 in. in a square array. The average conditions in the

.core are62500 psia and 550 F. The mass velocity of the water is

2.5 x 10 lbm/hr-ftz. Determine the pressure drop through the core.
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17.
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Determine the effect on pressure drop of a 10% increase in cladding
OD for the fuel in Problem 9. Assume the spacing, coolant conditions
and mass velocity remain the same.

Determine the heat transfer coefficient for the fuel and flow conditions
of Problem 9.

A PWR fuel consists of 0.50 in. diameter U0, fuel pellets contained

in 0.50 in. ID, 0.57 in. OD Zirconium 2 claﬁding. The fuel rods are
spaced 0.70 in. in a square array. At a particular location in the
core the pressure is 2500 psia, the temperature is 520 F and the
coolant velocity is 16 ft/sec. The volumetric thermal source strength
is 6 x 10’ Btu/hr—ft3. Determine the heat transfer coefficient.

Determine the coolant velocity required to keep the temperature
rise across the convective layer below 65 F for the fuel and coolant
conditions of Problem 12.

In a nuclear fuel rod the volumetric thermal source strength varies
axially as q''' (2) = q,'"' cos (1Z/Hg) . The energy generated in this
rod is removed by a coolant channel which has a mass flow rate of

m and an inlet temperature of Ty,. Designate the fuel diameter as Dg
and the cladding OD as Dg. Develop an expression for the axial
variation of the temperature at the inside surface of the cladding.
Your expression should contain only T, , qo"', Dey Do, H, H, M.y Cp’
h, kc, and Z.

From the expression developed in Problem 14 determine the location of
the maximum cladding temperature in the reactor.

Determine the location of the maximum fuel temperature for the fuel
rod - coolant-channel system of Problem l4.

A 2760 Mw(t) PWR contains 31,000 fuel rods each composed of 0.380 in.
diameter U0, fuel pellets in 0.440 in. OD tubes of Zircaloy - 4 cladding.
The fuel roﬁs are spaced 0.580 in. in a square array. The reactor core
height is 150 in. The coolant inlet conditions are 2250 psia, 553 F

and the average mass velocity is 2.7 x 106 lbm/hr-ftz. The thermal
source strength varies as q''' = o"' cos (Z/H)) and H, = 165 in.
Determine the maximum fuel temperature and the maximum ciadding
temperature in the core.

Determine the % reduction in coolant flow that will lead to incipient
surface boiling for the reactor described in Problem 17.

Determine the % overpower that the reactor described in Problem 17

can produce without net steam formation. What fraction of the core
experiences surface boiling at this limiting case?
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21.
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A 2450 Mw(t) PWR contains 37,000 fuel rods with an active fuel length
of 153 in. Each fuel rod consists of 0.362 in. diameter U0, pellets
enclosed in 0.420 in. OD Zircaloy - 4 cladding. The fuel rods are
spaced 0.558 in. in a square array. The inlet coolant conditions are
455 F, 2500 psia and the average velocity in the core is 15.8 ft/sec.
The axial power distribution is a truncated cosine function. Assume
an cxtrapolation length of 8 in. Determine the location and magnitude
of the maximum fuel, cladding, and coolant temperatures,

Determine the Z of overpower that would result in incipient surface
boiling in the core described in Problem 20. At what location does
this- occur?

One of the coolant channels in the core described in Problem 20 is
obstructed such that there is a 30% decrease in coolant flow. When
and where does surface boiling occur? Does net void formation occur?
If so, where?
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